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NONEXISTENCE OF 1sns AUTOIONIZING STATES OF H-

points follow very closely the equation given by Hyl-
leraas,’® except in the region below Z=0.95; our E/Z?
curve turns fairly sharply and® becomes —0.5 a.u.

5 E, A, Hylleraas and J. Midtdal, Phys. Rev. 103, 829 (1956).

16 See also C. W. Scherr, F. C. Sanders, and R. E. Knight, in
Perturbation Theory and its Applications n Quantum Mechanics,
C. H. Wilcox, Ed. (John Wiley & Sons, Inc., New York, 1966),
p.97.
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at Z=0.91, whereas his curve goes up to a maximum
and eventually diverges to — «.

A description of the numerical procedures used in
this work for the solution of the variational problem
can be found in Refs. 4, and 17.

17 A, Wallis, D. L. S. McElwain, and H. O. Pritchard, Intern.
J. Quantum Chem. (to be published).
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ESR of Spin-Labeled Nematogenlike Probes Dissolved in Nematic Liquid Crystals*
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(Received 6 January 1969)

We show that qualitative information on molecular ordering in nematic mesophases is conveniently ob-
tained from the ESR spectra of trace guantities of spin-labeled rodlike probe molecules dissolved in the
nematogen. The synthesis of the probe [2,2,6,6-tetramethyl-4-(p-octyloxy)-benzoylamino-piperidine-1-
oxyl]is described and ESR spectra of the probe taken in nine solvents at various temperatures are reported.
Large contractions of the N hyperfine patterns, as well as positive g shifts, have been observed. This indi-
cates that the alignment of the host molecules along the magnetic field direction constrains the motion of the
probe molecules so that they too are aligned parallel to the field. The rotation of the radical group about
the bond connecting it to the rest of the probe molecule is partly hindered. In general, the probe molecules
described here are less ordered than the host molecules.

I. INTRODUCTION

Nematic mesophases! are known to assume a macro-
ordered structure in strong magnetic fields, and it is
commonly agreed that in this state the long axes of
the molecules tend to align with the field.? (Magnetic
ordering is apolar and should be described as align-
ment rather than orientation.) Deviations from com-
plete alignment in strong magnetic fields thus reflect
the incomplete extent of micro-ordering which is com-
monly specified by the parameter 5.2 S is measured

* This work was sponsored, in part, by the U.S. Atomic Energy
Commission.

{ Permanent address: Istituto di Chimica Industriale, Poli-
tecnico di Milano, Milan, Italy. Supported by a N.A.T.O. fellow-
ship.

1 On leave from the Hebrew University, Jerusalem, Israel.

§ Present address: Union Carbide Technical Center, South
Charleston, W. Va. 25303.
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by means of any second-rank tensor property of the
molecule,® provided the tensor elements are known from
an independent measurement in an ordered phase such
as a single crystal.

The correct procedure for measuring .5 is by study-
ing tensor properties pertaining to pure solvent mole-
cules,2 e.g., nuclear quadrupole interactions of deu-
terons in deuterated nematogens.? In the present paper
we describe an attempt to determine S by observing
the ESR of a small quantity of spin-labeled® probe
molecules dissolved in the diamagnetic host. (Results
similar to ours have been obtained by Falle et ¢l.® from
the ESR of nitroxide biradicals in liquid crystals.)

Our probe molecules resemble the host molecules in
many respects, i.e., they are long, linear, and rather
stiff. The probe prepared by us (Fig. 1, IV) only
approximates an ideal probe because by itself it does
not form a nematic mesophase and as a consequence
is always less ordered than the host.

If one of the principal axes of the tensor interactions
of the radical is made coincident with the major axis
of the probe molecule, the interpretation of the spectra
is simplified. In the probe described here the N-O bond
direction (x=1 axis) departs from the molecular axis
by ®#=10°. This angle is rather invariant to low-barrier
deformations of the probe.

1t A, D. Buckingham and K. A. McLauchlan, in Progress in
High Resolution NM R Spectroscopy, J. W. Emsley, J. Feeney, and
L. H. Sutcliff, Eds. (Pergamon Press, Ltd., London, 1967), Vol. 2.



4546 FERRUTI,

GBHI-,-O-@-COOH + H2N-CEH —_
I

I

Hp0
— ceH,-,—o-@-cowdH —22,
i

ym?2

— csul-,-o-@conu{fo T—»:u-n
v

F16. 1. The synthesis of the probe molecule(IV). p-Octyl-
oxybenzoic acid (I) is one-half of a nematogen, because its stable
carboxylic dimers form a nematic mesophase. (I) Bonds with
(IT) to form (III), which is then oxidized into (IV). (IV) is a
linear molecule in which the N-O bond direction is ~10° off
the major molecular axis. (IV) would not form a nematic phase
by itself, and its alignment inside a nematogen is less complete
than that of the host molecules.

II. METHOD OF CALCULATION

The spin Hamiltonian describing the ESR of a ni-
troxide radical in a nematic solvent is® (Appendix)

where g and A are the isotropic invariants of the g
tensor and of the hyperfine tensor of the electron with
the N nucleus, respectively, and the deviations from
isotropy are

Ag= %(Zgzz_gw_gu) Sll'*‘% (g"_gw) (Ssa— S2)
=0.003053—0.0011(Sz3— Sa2),
AA=2%(A4,,— A1) Sss;

(2)
3)

The frame of reference is the one in which both g and
A tensors are diagonal.>®® All four CNOC atoms are
considered coplanar; the z axis is perpendicular to the
plane, x and y are in the plane, and the x axis is ex-
tended along the N-O bond (Fig. 1).

In this frame the g and the A tensors have the
following elements?: g,,=2.0089; g,,=2.0061; g..=
2.0027; g=% > 2:=20060. A4,=32 G; An=A4,=
Ai=6 G; A=%D Ai4=15 G. The values are prac-
ically equal for the methyl-protected nitroxide radi-
cals,”? and we have used them to derive the numerical
coefficients in Eqgs. (2) and (3).

The “distortion theory’’ ordering parameters S;; #1013
measure deviations (4 or —) from isotropy in the
probability of having the ith axis of the radical aligned
along the magnetic field. S;;=-+1 when H, || X, Sii=

12 C, L. Hamilton and H. M. McConnell, in Structural Chemistry
and Molecular Biology, A. Rich and N. Davidson, Eds. (W. H
Freeman and Co., San Francisco, Calif., 1968), p. 115.

12 0, H. Griffith, D. W. Cornell, and H. M. McConnell, J. Chem.
Phys. 43, 2909 (1965).

AA (in gauss)~17.35;.
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—3% when HyL X; and Y Si;=0. The operational defi-
nitions of Ag and AA are given in Fig. 4. If the probe
molecules align as expected, then A4 and Sy are both
negative,

The number of independent .S;; parameters is re-
duced from two to one if the radical group rotates
about its x axis relative to the rest of the probe mole-
cule. In this case the y=2 and z=3 axes have equal
probabilities of being perpendicular to Hy and one gets
—Szzz —‘533=l-511.10 Then Eqs (2) and (3) reduce to

AA(in gauss) = —8.6XSu; Ag=0.0030XSu. (4)

The validity of Eq. (4) may be verified graphically
(Fig. 3). In the Ag, A4 plane (properly normalized)
each spectrum is represented by a point. The locus of
the points would be the diagonal of unity slope if
Eq. (4) is satisfied. Departures from unity slope would
indicate the inequality of Sy and Sy.

III. MATERIALS

A. The Synthesis of the Probe Molecule

The probe molecule (Fig. 1, IV), 2,2,6,6-tetra-
methyl-4-( p-octyloxy) -benzoylamino-piperidine-1-oxyl-
(IV), was prepared by the oxidation of 2,2,6,6-tetra-
methyl-4-(p-octyloxy) -benzoylamino-piperidine (IIT),
which in its turn was obtained by coupling p-octyloxy-
benzoic acid(I) to 2,2,6,6-tetramethyl-4-aminopiper-
idine (II) (Fig. 1).

A solution of 5 g of (I), 3.12 g of (II), and 5 g of

140°

85°

"~20 =10

| 1 1
3246 +10 +20 gauss
Fic. 2. Typical ESR spectra of the probe radical IV dissolved
in isotropic (140°—top) and nematic (85°—bottom) 4,4-hexyl-
oxyazoxybenzene (PAHB—Table I, No. 5). In all the spectra
observed the external hyperfine components were equidistant
from the middle component.
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Tasie 1. The measured temperature dependence of A4 and Ag and of the ordering parameters Si of the ESR spectra of
radical IV dissolved in nine different nematic solvents.®

—AA —Ad
T(°C) (G) AgX1®  Su Sz Sis T(°C) (G) AgX10® Sy Sz Sas
1. CH;0CH,N: NOCH,0CHg; 110 3.0 124 0.47 —030 —0.17
. tant = .
4,4'-Azoxydianisole=PAA (9723; 710) 100 35 142 0.53 —0.33 —0.20
135
P 9 40 1.67 068 —0.40 —0.23
130 2.25 0.87 0.31 —0.18 —0.13
85 41 1.79 0.69 —0.48 —0.24
120 2.95 1.05 0.38 —0.22 —0.16
81 43 198 0.78 —0.53 —0.25
117 mp
110 3.00 111 040 —0.23 —0.17 80 mp
100 3.25 1.30 0.48 —0.29 —0.19 6. CsHnCOOCH,N: NC;HOC:Hs;
p-phenetyl-azophenyl hexanoate (922 102; +++)
2. CH,;OCeH,CH: NCH,N: NC;Hs;
N-p-methoxybenzylidene-p-phenylazoaniline (8545; 675) 118 ¢p
190 cp 110 1.75 0.46 0.13 —0.03 —0.10
185 1.4 046 015 -—0.07 —0.08 100 235 077 025 —0.11 —0.14
180 165 0.5¢ 020 ~011 —0.09 % 275 093 0.32 —0.15 —0.16
175 1.9 0.74 0.27 -0.16 -0.11 80 3.00 1.00 0.34 —0.17 —0.17
170 20 074 028 —0.16 —0.12 70mp  3.35 1.05 0.3 —0.15 —0.19
160 23 08 031 —0.18 —0.13 60 3.75 1.1 034 —0.12 —0.22
150 2.65 1.00 0.36 —0.21 —0.15 ss 400 124 0.39 0.16 —0.23
148 mp
7. CH:Z CH(CHz)aCOOC H4N.NC§H40C2H5;
140 2.65 L1 0.43 —0.28 —0.15 4-(p-ethoxyphenylazo) -phen;l-IO-undecanoate (922 353; +++)
130 2.9 1.17 0.43 —0.26 ~0.17
105 cp
3. CHy;OC¢H,CH:NN:CHCH,0CHy;
-Anisalazine (8546; +-+) 100 2.5 093 034 —020 —0.14
189 cp 90 3.0 1.17 043 —0.26 —0.17
185 1.5 046 0.14 —0.05 —0.09 %0 3.5 139 052 032  —0.20
180 1.9 074 027 —0.16 —0.11 "0 375 1.55 058  —0.36 —0.22
175 mp 6O0mp 41 1.67 0.62 —0.38 —0.24
170 2.4 100 0.38 —0.2¢ —0.14 .
. H; -0 ic aci
165 2.65 1.05 0.39 —~0.24 —0.15 8. CeHiOCH,COOH; p-Octyloxybenzoic aci
160 2.8 1.0 0.38 —0.22 —0.16 150 cp
4. CH,OCJH,CH: NC,H,CH: CHCOOCsH;; 140 1.9 0.80 0.30 —-0.19 —0.11
Ethyl-if—[(?—methgxggenzyﬁd«;ne) amino]-cinnamate 130 2.5 1.00 038 —0.24 —0.14
10306; »
141 cp 120 29 124 047 -0.30 —0.17
140 1.25  0.37 0.12 —0.05 —0.07 110 mp 3.5 136 0.5 —0.30 ~—0.20
135 1.50 ~0.62 0.23 —0.14 —0.09 9. Low-temperature mixture 1:1:1 weight ratio of Refs, 5-7
130 1.75 0.68 0.25 —0.15 —0.10
120 20 074 026 —0.14 —0.12 130¢p
120 2.5 093 033 —0.20 —0.14
108 mp
5. CoHLOCHLN: NOCH.OCH 100 3.1 1.24 046 —0.28 —0.18
" 4,4 hexyloxy azoxybenzene=PAHB (10 120; 648) 80 3.75 1.55 0.58 —0.36 —0.22
129 cp 60 425 1.85 0.71 —0.46 —0.25
120 2.25 0.93 035 —0.22 —0.13 40 4.8 204 077 —0.49 —0.28

* The name and formula of each of the solvents and the catalog numbers
of the products as marketed by Eastman Organic Chemicals or by Frinton
Laboratories are given sequentially in parentheses. The measurements
were made as the temperatures were sequentially lowered, so that the

nematic mesophases supercooled. cp is the clearing point (temperature of
nematic-isotropic transition) and mp is the melting point (solid-nematic
transition temperature).
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P-~phenethyl-azopheny! -
-~ hexanoate
04+
PAHB
AA -
‘86
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F16. 3. A plot of the (properly normalized) measured hyperfine
decrements (AA) versus the g shifts (Ag) of the ESR spectra
of molecule IV in PAHB (Table I, No. 5) and in p-phenetyl-
azophenyl-hexanoate (Table I, No. 6). The normalizing coeffi-
cients are chosen so that the diagonal of unity slope would agree
with formula (4) and give Su directly. Equation (4) is roughly
obeyed for the solvents of Table I, because the points depicted
here are those of greatest deviation from the diagonal.

1-ethyl-3-(3’-N,N-dimethylaminopropyl) carbodi-imide
hydrochloride® in 50 mi CHCI; was stirred 2 h at ice
temperature and then 3 h at room temperature. The
solution is then diluted with 150 m! of CHCI;, washed
with 69, aqueous sodium chloride solution and with
6% aqueous sodium bicarbonate solution and dried
over anhydrous sodium sulfate. Following filtration
which removed the drying agent, the filtrate was con-
centrated # vacuo to give 6 g (77%) of (III), which
may be recrystallized from n-hexane, mp. 87°-88°C.

Analysis: Found: C, 73.929,; H, 10.23%; N, 7.09%.
(CeHyNyO, contains C, 74.18%; H, 10.36%; N,
7.219,).

The structure of (III) was confirmed by mass spec-
trometry.

Two and one-half grams of (III) were suspended in
200 ml of a mixture of methyl alcohol and water
(volume ratio 4:1), to which 0.35 g of sodium tung-
state, 0.3 g of EDTA, and 5§ ml of 309, aqueous hydro-
gen peroxide!® were added. The reaction mixture was
stirred 24 h at room temperature and then filtered.
The yellow solid was suspended and stirred in 100 ml
of aqueous HC], 1N, filtered and washed with water,
with diluted aqueous NaOH, and with water again.
After drying in vacuo, the yield of (IV) was 1 g (38%).
The product may be recrystallized from n-hexane,
mp. 88°C.

Analysis: Found: C, 72.06%,; H, 9.949%,; N, 6.849,.
(CaHyN20; contains C, 71.43%; H, 9.74%; N,
6.949).

4 F, Kurzer and K. Douragi-Zadeh, Chem. Rev. 67, 107 (1966).
( 195613:) G. Rozentzev and L. A, Krinitzkaya, Tetrahedron 21, 491
1 .
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The structure of (IV) was confirmed by mass spec-
trometry.

B. Nematic Solvents

The solvents we used are listed in Table I. They
were purchased from Eastman Organic Chemicals,
Rochester 3, New York, and from Frinton Labora-
tories, P.O. Box 301, Grant Avenue, South Vineland,
New Jersey 08360, and the respective catalog numbers
are given in Table I.

The powders were contaminated with the probe and
sealed in Pyrex tubes after several freeze-pump-thaw
cycles.

IV. RESULTS AND DISCUSSION

Electron spin resonance spectra of each sample were
taken in a sequence of descending temperatures. The
spectrometer was a Varian E-3 (9.15 MHz) equipped
with the Varian temperature controller. The nematic
phases of all the samples persisted well into the super-
cooled state.

Spectra of the probe (Fig. 1, IV) in isotropic (140°C)
and in nematic (85°C) 4,4'-hexyloxyazoxybenzene
(PAHB) (Table I, No. 5) are shown in Fig. 2. The
anticipated changes in the spectra are evident.

The values of Ag and A4 given in Table I were de-
rived from all the spectra by the criteria given in
Fig. 4.

The S;; parameters pertaining to all the spectra

o 3z Uo a4 Ho GAUSS

9B
S22"Sss_Su I‘—A—'l ISOTROPIC

* Jos e/
98 9
+-0.1 T+0.2 ! —1/ 3 /

~0.3 406 [I /’ NEMAT'C
I )

-0.4 -L-&OOI' ,l I//

-0.5 +|.o{ / /’

Mol | [ {_ ALIGNED

F16. 4. Graphical presentation of the ESR spectra of mole-
cule(IV) (Fig. 1) dissolved in isotropic (top), nematic (middle)_,
and oriented single-crystal? (bottom) phases. Operational defini-
tions of 4, A4, g, and Ag are sketched. The x=1 axis coincides
with the N-O bond direction in the radical and the x || Ho spec-
trum is the limiting case in which the x axes of all the radicals
are parallel to Ho. The ESR spectrum in the nematic phase is a
linear interpolation between the isotropic spectrum and the
spectrum in which the x axes of all the radicals are aligned parallel
to Ho. The assumption of rotational symmetry about the x axes
of the probe molecules is implicit in this presentation.
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T 0.8} Probe in 4,4'~azoxydianisole (PAA)
S
S
0.6 B
S“ T 08l Probe in P-phenethyl~azophenylhexcnoate
0.4 ®
’ oSl
~S22
04 s
02 ~S33 , i
| “Sa22
0 | 1 | | | . . .
o] 1 1 1
100 120 140 60 80 100
T, °C T, °C
(a) (b)
Probe in 4,4'~hexyloxyazoxybenzene
(PAHB)
T 08 S|y
S S Fi16. 5. The temperature dependence of the ordering parameters
derived from the ESR of the probe. (a) Sy; parameters of the
06l probe in PAA (Table I, No. 1). The ordering parameter of the
-S pure solvent®®7 is shown. This case is representative of the major-
22 ity of solvents studied. Typically Sun<S. (b) Si parameters of
the probe in p-phenetyl-azophenyl hexanoate (Table I, No. 6).
0.4} In this solvent | Sy |>| S22 | while in all the other solvents the
opposite inequality obtains. (¢} Si parameters of the probe in
PAHB (Table I, No. 5), with the ordering parameter of the
-S solvent also included.” This system is exceptional in the large
0.2l 33 value of Sy and in the large difference | Sz |—| Si| at lower
' temperatures.
0 1 1 ] i 1
80 100 120
T, °C
{e)

(Table I) were derived from the measured Ag-A4
pairs of numbers by means of Egs. (2) and (3) and
the traceless property of the ordering parameters.
Equation (4) is approximately obeyed by all the
samples. Data for two samples, PAHB (Table I, No. 5)
and p-phenetyl-azophenyl hexanoate (Table I, No. 6)
which show the largest deviations from agreement with
Eq. (4) are plotted in Fig. 3. We thus conclude that
the probe molecule can be approximated by an axially
symmetrical rod whose alignment is characterized by
a single parameter, e.g., Su. The assumption of axial
symmetry about the « axis is implicit in Fig. 4, where
the ESR spectrum in the “nematic’ region is a linear
interpolation between the isotropic spectrum and the
spectrum of molecules fully aligned along one axis.
The deviations from axial symmetry are of some
interest. The negative values of S5 and S;; indicate
that the y=2 and 2=3 axes of the radical tend to be

perpendicular to Hy (they would be fully perpendicular
when Sp=S3=—1%). Now in p-phenetyl-azophenyl
hexanoate (Table I, No. 6), Figs. 3 and 5(b), | Sz | <
| Sss |, whereas in all the other solvents | Sp2 | > | S3s |.
The solvent PAHB (Table I, No. 5), Figs. 3 and 5(c),
is singled out by the large values of Sy and | Sa | —
| S35 | at lower temperatures.

One possible way of visualizing the inequality of Sa
and Sy is sketched in Fig. 6. We have no explanation
for this behavior. The S values for the pure solvent
molecules have been measured by various authors*™
These values are compared with our Sy data in Figs.
5(a) and 5(c) and obviously Su<S.

Interesting qualitative information has been obtained
on trends of ordering in supercooled nematic solvents.
Without exception the ESR spectra indicate that sol-
vent ordering further increases in the supercooled ne-
matic phase.
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522,333<0<$” ; |522|<| S33'| .

F1c. 6. Representation of the motion of the radical probe
molecule in two different nematic solvents for the cases in which
I S22 |>| Ssz 1 and I S ‘<‘ N l, respe. ctively

The low-temperature mixture (Table I, No. 9) must
be preheated to ~100°C and then can be maintained
as a supercooled nematic phase at any temperature
above 45°C.

V. CONCLUSIONS

(1) The ESR of nitroxide radicals is a convenient
and straightforward source of information on molecu-
lar ordering in nematic mesophases.

(2) The probe molecule described here is a very
good approximation of a spin-labeled nematogen. Fur-
ther synthetic work which would emphasize the nematic
properties of the probe molecules is desirable.

APPENDIX
The spin Hamiltonian for the nitroxide radical is
Je=FH-g-S+H-4-8, (5)

GILL, HARPOLD, AND KLEIN

where I is the nuclear spin operator and A4 is the hyper-
fine coupling tensor with the N nucleus. In the high
field approximation Eq. (5) reduces to

H=0HogzzSz+hAzz125z2
+[BHo(gzxSx+gzvSy) +-hIz(AzxSx+AzySy)]. (6)

gzz and Azz are then expressed in terms of the tensor
components in the special molecular frame xyz (Figs.
1 and 6) in which both the g and the 4 tensors happen
to be diagonal.’? cos(Z, x;) is the direction cosine be-
tween the molecular x; axis and the field H,,

822= gaz C05*(Z, %) + gy C05*(Z, ¥) +822 c0s*(Z, 3)
=%(gzx+gyy+gn) +%{%[3 cos*(Z, x) — ljg"—f— oo } .
M

Equation (7) and the analogous expression for Azz
are inserted in Eq. (6). The nematic liquid-crystalline
ordering in the magnetic field is characterized by the
random rotational motion of the molecules (or their
clusters) about the Z axis at rates which are fast in
comparison with the precessional frequency. The time
averages of the bracketed terms in Eq. (6) vanish
because the field Hy may give rise to a transverse
component of S as well as to its negative, whereby
(gzx )= (gzv)= (Azx)= (Azr)=0. The time averages of
the multipliers in the brackets of Eq. (7) are defined as
(43 cos’(Z, ) —1])=Su, * * -, and obviously »_S;=0
because the corresponding unaveraged sum vanishes
at any instant. The time average of Eq. (6) is then

50 =BHo(g-+Ag) Sz-+h(A-+A4) IS5, ®)
g=%(gzz+gw+gu); A=3(AntAp+4..), (9)

and
Ag=3(Sugeet Seagut Snag::), (10)

A4 =3(Sudzot Spdy+ Snd..). (11)

Because of the zero-trace property of Si; and the
equality of 4,,=A,=A4. in the nitroxide radical,
Egs. (10)—(11) reduce to Egs. (2) and (3), respec-
tively.



