,_\ I P The Journal of
Chemical Physics
ESR line shape studies of N(4n butyl benzilidine) 4amino 2,2,6,6tetramethyl

piperidine 1oxide (BBTMPO) in toluene
J. S. Hwang, P. Pollet, and M. M. Saleem

Citation: The Journal of Chemical Physics 84, 577 (1986); doi: 10.1063/1.450603
View online: http://dx.doi.org/10.1063/1.450603

View Table of Contents: http://scitation.aip.org/content/aip/journal/jcp/84/2?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in

Mesoscale spatial distribution of electron spins studied by time-resolved small-angle and ultrasmall-angle
neutron scattering with dynamic nuclear polarization: A case of 2,2,6,6-tetramethylpiperidine 1-oxyl
(TEMPO) doped in high-density polyethylene

J. Chem. Phys. 133, 054504 (2010); 10.1063/1.3460923

Quadrupolar solvatochromism: 4-amino-phthalimide in toluene
J. Chem. Phys. 124, 204502 (2006); 10.1063/1.2199829

The quest for a polymeric ferromagnet: A new polymorph of 1,4bis(2,2,6,6tetramethyl4oxy4piperidyl1
oxy)butadiyne (invited)
J. Appl. Phys. 63, 2949 (1988); 10.1063/1.340913

Crystal and molecular structure and ESR spectra of the 1:1 salt 5(1butyl)phenazinium (NBP)2,2'(2,3,5,6
tetrafluoro2,5 cyclohexadiene1,4diylidene)bispropanedinitrile (TCNQF4)
J. Chem. Phys. 77, 6203 (1982); 10.1063/1.443821

ESR Study of Interconversion in Substituted Piperidine Iminoxyls
J. Chem. Phys. 50, 2630 (1969); 10.1063/1.1671425

SUBSCRIBE TO



http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/327320036/x01/AIP-PT/JCP_ArticleDL_101514/PT_SubscriptionAd_1640x440.jpg/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=J.+S.+Hwang&option1=author
http://scitation.aip.org/search?value1=P.+Pollet&option1=author
http://scitation.aip.org/search?value1=M.+M.+Saleem&option1=author
http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://dx.doi.org/10.1063/1.450603
http://scitation.aip.org/content/aip/journal/jcp/84/2?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/133/5/10.1063/1.3460923?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/133/5/10.1063/1.3460923?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/133/5/10.1063/1.3460923?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/124/20/10.1063/1.2199829?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/63/8/10.1063/1.340913?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/63/8/10.1063/1.340913?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/77/12/10.1063/1.443821?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/77/12/10.1063/1.443821?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/50/6/10.1063/1.1671425?ver=pdfcov

J. S. Hwang, P. Pollet, and M. M. Saleem
Department of Chemistry, University of Petroleum and Minerals, Dhahran 31261, Saudi Arabia

(Received 13 August 1985; accepted 18 September 1985)

BBTMPO was synthesized by a condensation of 4-n butyl benzaldehyde and 4-amino 2,2,6,6-
tetramethyl piperidine N-oxide (4-tempamine). The shape of the resulting spin probe, estimated
using the Dreiding models, is a spherocone of length 10.7 A capped by hemispheres of radii 6.6
and 4.0 A, respectively. The magnetic parameters of BBTMPO in toluene at 77 K were
determined. Variable temperature ESR line shape studies in the temperature range of 142-211 K
revealed that BBTMPO exhibited anisotropic rotational diffusion in toluene along the long axis of
the spherocone and in the direction parallel to the N-O bond. Rotational diffusion along the long
axis was found to be 3 + 0.5 and 7 - 0.5 times faster for frozen and liquid toluene, respectively,
than the other two axes. The line shapes have been simulated by using the stochastic Liouville
theory of slow-motional effects on ESR spectrum. The slow tumbling spectrum (158 K) in the
model-sensitive region showed good agreement for a Brownian model. The plot of 7 vs 1/7 over
the whole temperature range yield a good linear fit with two slopes, with the activation energy for
reorientation process of 4.9 kcal/mol in the liquid state, and 9.9 kcal/mol in the solid state. The
higher activation energy of rotational reorientation coupled with a lower anisotropy of molecular
reorientation (N) in the solid state, indicates that the rotational degrees of freedom is more
restricted in the frozen state than in the liquid state. Molecular reorientation for BBTMPO in
toluene was analyzed in terms of the hydrodynamic free space model for molecular relaxation in
liquids. The stickiness factor S was found to be 0.6 while the anisotropic interaction parameter «
which measures the coupling of rotation to translation was found to be 0.7. For perdeuterated
2,2,6,6-tetramethyl-4-piperidine N-oxide (PD-Tempone) in toluene the stickiness factor was
calculated to be 0.3, and « was 0.4. The doubling in size and weight in going from PD-Tempone to
BBTMPO increases the stickiness factor and « from 0.3 to 0.6, and 0.4 to 0.7, respectively. The
similarity in the structure of BBTMPO to that of liquid crystal methoxy benzilidine butyl aniline

ESR line shape studies of N-(4-n7 butyl benzilidine) 4-amino 2,2,6,6-tetramethyl
piperidine 1-oxide (BBTMPO) in toluene

(MBBA) and its potential use as a spin probe for MBBA is discussed.

INTRODUCTION

Detailed ESR and ELDOR relaxation studies have been
made on the nitroxide spin probe 2,2,6,6-tetramethyl piperi-
dine N-oxide in liquid and frozen media.'™ The reorienta-
tional motion of this spin probe has been found to be isotrop-
ic in toluene and glycerol-water solvents." Since Tempone
has an isotropic overall shape this is not too surprising. In
this paper we wish to study the effect of solute size on the
reorientational motion of the probe by an analysis of the
ESR line shapes using the slow-tumbling theory of Freed.’
One of the objectives of this work is to demonstrate the appli-
cability of this theory to experimentally observable systems
and to show its usefulness in understanding how ESR line
shapes reflect molecular motions.

The solute chosen in this study is N-(4-n-butyl benzili-
dine) 4-amino 2,2,6,6-tetramethyl piperidine 1-oxide
(BBTMPO). This compound was prepared by a condensa-
tion of 4-n-butyl benzaldehyde and 4-amino 2,2,6,6-tetra-
methyl piperidine N-oxide (4-tempanine). The structure of
BBTMPO is shown in Fig. 1. The resemblance of the molec-
ular structure of BBTMPO to N-(p-methoxy benzilidine)-p-
butylaniline (MBBA), a liquid crystal, is very good, and
they both have similar length. BBTMPO is about twice the
length of Tempone and has a molecular weight (315.5) of
about twice that of Tempone (170.3). BBTMPO is thus a
suitable probe to study the effect of doubling the solute size
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and weight on ESR line shapes in neat liquids. It has a rod-
like structure and it is rigid, and its rotational motion is ex-
pected to be anisotropic. It is about three times heavier and
longer than the solvent molecules (toluene).

EXPERIMENTAL
Synthesis of the spin-probe BBTMPO

" Preparation of 4-n butyl benzaldehyde

11.82 g (50 mM) of 4-» butyl benzaldehyde diethyl ace-
tal (Fluka suppliers) were added in one portion to a well
stirred mixture of concentrated hydrochloric acid (5 ml),
tetrahydrofuran (15 ml) and distilled water (50 ml). The
resulting solution was stirred for 2 days at room temperature
and heated to 70 °C for 2 h. Title compound was isolated by
ethereal extraction (3 X 50 ml). The pooled organic extracts
were washed with 10% sodium bicarbonate (30 ml), brine

H CH,
CH
0
A

FIG. 1. The structure of BBTMPO. Using the Dreiding models the mole-
cule can be approximated as a prolate spheroid withe = 8 A and b = 3.3 A.
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(30 ml) and dried over sodium sulfate, and concentrated in
vacuo. Vacuum distillation yielded 7.12 g (88%) of purified
aldehyde as a colorless liquid:

bp: 123-4 °C (10 mm) lit: 70 °C (1 mm),

IR (neat): 3040 (w), 2940 1717 (CHO), 1610 (C=C),
850, 830,

NMR (neat):0.86 (¢,3H,J = 5), 1.41 (m,4H), 2.56 (¢,
2H,J=17)

7.23-1.77 (A4'XX', 4H, J), 9.97 (s, 1H).

N-(4-n buty! benzylidene) 4-amino 2,2,6,6-tetramethy!
piperidine 1-oxide (BBTMPO).

Ina 25 ml round bottom flask connected to a Dean Stark
trap were placed 1 g (5.84 mM) of 4-amino 2,2,6,6-tetra-
methyl piperidine 1-oxide (Molecular Probes suppliers) and
1.06 g (6.54 mM) of 4-n butyl benzaldehyde in 15 ml of
benzene. After one hour of reflux the resulting dark red solu-
tion was concentrated in vacuo to yield 1.89 g of crude mate-
rial as an orange solid (mp: 6367 °C). A 1.00 g portion of
this material was purified by filtration on a 15*1 cm column
filled with neutral alumina with 100 ml of hexane as an
eluant. Concentration of the filtrate yields 0.72 g of the title
compound as light brown needles (mp: 80-81.5 °C) of suffi-
cient purity (74% from tempamine). The analytical sample
was obtained by several recrystallizations from hexane (mp:
81.5-82°C):

IR (KBr): 3010 (w), 2970, 2928, 2850 (br), 1640 (C=N),
1606

(C=C), 1450, 1235, 1170 (N-O), 830.
The elemental composition and the result of the elemen-
tal analysis for BBTMPO (C,,H,;N,0) is as follows:

C% 76.14 H% 9.90 N% (8.87) (Theoretical)
C% 76.03 H% 9.90 N% (8.83) (Experimental).

Line shape measurements

The ESR spectra were taken over a range of tempera-
tures from 142 to 211 K and at liquid nitrogen temperature
(77 K) with a Varian E-109 spectrometer interfaced with an
E-953 data acquisition system at the X-band frequency (9.1
GHz) and a modulation frequency of 100 kHz. Both micro-
wave power and modulation were verified experimentally to
be at least ten times below the onset of broadening. The spec-
tra were centered in a magnetic field of 3248 G and had a
scan range of 100 G. Magnetic field sweep was calibrated
with a Varian E-500-2 self-tracking NMR Gaussmeter. Mi-
crowave frequencies were measured with a Hewlett-Packard
5342 A microwave frequency counter. Spectra were all signal
averaged three times to increase the signal-to-noise ratio.
Recorded spectra were digitized to 4096 points and stored
on cassette tapes for later analysis. The temperature was
controlled by a Varian E-257 variable temperature unit to
within + 0.5 °C. The absolute temperature was checked at
the geometric center of the cavity with a copper—constantan
thermocouple and found to be accurate to + 1 °C. The tem-
perature gradient over the active region of the cavity, relative
to temperature at the center, was + 0.5 °C. Scan speed and

time constant were also carefully chosen so as not to intro-
duce any artifact from scanning.

Samples in the concentration range of (3 +2) X104
M were degassed on a Pope vacuum line and toluene pur-
chased from Merck was used without further purification.
The sample tubes were 3 mm i.d. by 4 mm o.d. Pyrex tubing.
The sample tube was adapted to 9 mm o.d. at the open end in
order to fit into the quick disconnect fitting (Seal structure,
Sargent-Welch part No. S-76639-A, size 24/40) on the
vacuum line manifold. The sample tube was immersed in
liquid nitrogen and the valve opened to the vacuum system.
Afterseveral freeze-pump-thaw cycles, the sample tube was
sealed by using a torch. The vacuum measured by a digital
vacuum gauge manufactured by Granville-Philips was 10
mT. The concentration of the nitroxide in toluene was
checked experimentally and found to be absent of broaden-
ing due to exchange.

RESULTS AND DISCUSSION

The most important requirement in analyzing slow-
tumbling spectrum is to have accurate values of magnetic
tensors A and g determined from the rigid limit spectrum.
These magnetic parameters are needed for the simulation of
the variable temperature spectra. The rigid limit spectrum of
BBTMPO in toluene at 77 K is shown in Fig. 2(a). The rigid
limit simulation of BBTMPO in toluene in Fig. 2(b) was
performed using the general methods of Lefebre and Mar-
uani® adapted to nitroxides by Polnaszek.” The simulation
employs Simpson’s numerical integration over @ in 85 inter-
vals and over @ in 40 intervals. The central region of the rigid
limit spectrum of BBTMPO in toluene is not as well resolved
compared to that of the deuterated nitroxide spin probe be-
cause of inhomogeneous broadening by the 12 protons. The
parameters A, and g, correspond to the midpoint of the two
extrema which is 24, , while g, corresponds to the midpoint
of the extrema. g,, g,, 4., and 4, and the linewidth are
varied to fit the experimental spectrum until the line shape of
the central portion is simulated. The Lorentzian line shape
gave the best overall fit. The reason that the center of the
spectrum has a Lorentzian shape is perhaps a result of some

(a)

106

FIG. 2. (a) Rigid-limit ESR spectrum of BBTMPO in toluene at 77 K. (b)
Simulated rigid limit spectrum of (a). The magnetic parameters used for
the simulations were g, = 2.0097, g, = 2.0060, g, = 2.0023, 4, =7.0G,
A4,=53G,and 4, =34.20G.
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TABLE 1. Magnetic parameters of BBTMPO in toluene.

8 8, 8 ® 4, 4, A4, a B8

2.0097 2.0060 2.0023 2.0060 7.0G 5.3G 3420G 49G 02G

residual motion at 77 K and therefore the condition for the
validity of a rigid limit |H,(¢)7x /#i|»1 is not as strong for
the center of the spectrum (A4 ~5 G) as it is for the outer
part of the spectrum (4 ~ 33 G). This may be the cause of
orientationally dependent linewidth needed to fit the spec-
trum. The form for the orientationally dependent intrinsic
linewidth is assumed to be

T;'=a+Bcos’ (),

where 8 is the polar angle relative to the z axis of the nitrox-
ide. These a and S values are listed in Table I. & and £ values
were 4.9 and 0.2 G, respectively. The intrinsic linewidth for
the parallel (z) orientation can be determined from fitting
the low-field peak. Figure 2(b) is the simulated rigid limit
spectrum of BBTMPO in toluene using the magnetic param-
eters which gave the best fit. These magnetic parameters are
listed in Table I.

The ESR spectra of BBTMPO in toluene were recorded
as a function of temperature from 142 to 211 K. Figure 3
shows the ESR spectra of BBTMPO in the liquid state above
the freezing point to toluene (163 K), and Fig. 4 shows the
ESR spectraof BBTMPO in the solid state. The ESR spectra
in Fig. 3 reveal that these spectra are very different from
those encountered in solutions at X band in the motionally
narrowing region. For example, in a nonviscous solvent
nearly all nitroxides exhibit three equally spaced sharp hy-
perfine lines of nearly equal height. The sharp lines are
caused by rapid isotropic tumbling motion which averages
away all anisotropic effects in the g tensor and the electron-

106

FIG. 3. Experimental ESR spectrum of BBTMPO in toluene in the tem-
perature range of 162.8-211 K.

FIG. 4. Experimental ESR spectra of BBTMPO in frozen toluene in the
temperature range of 162.8-142 K.

nuclear hyperfine (A) tensor. If the rotational motion is
slowed by increasing the solvent viscosity, averaging is in-
complete. The result is unequal broadening of the three deri-
vative peaks and the spectrum becomes asymmetric. For
PD-Tempone in toluene, the g and A components are such
that in X-band measurements the center-field line is slightly
shorter than the low-field line, while the high-field line is
always significantly shorter than the other two lines. As tem-
perature is decreased (or viscosity is increasing), the low-
field line becomes progressively shorter than the center-field
line while the intensity of the high-field line decreases even
further. The point to be made here is that as the viscosity
increases, the intensity of the low-field line becomes less than
that of the central line. The ESR spectra in Fig. 3, which
were taken above the freezing point of toluene, showed the
unusual feature that the low-field line was sharper than the
center-field line and clearly indicated anisotropic rotational
diffusion of BBTMPO in toluene. Such behavior has already
been observed®® but detailed theoretical interpretations
were not given.

The spectra in Fig. 5 were simulated by using three dif-
ferent axes (x’, y, z') of rotation holding the anisotropy (N)
of the rotation at 7. We define ¥ as the ratio R | /R, where
R, isthe rotational diffusion constant along the 2’ symmetry
axis, R, is the rotational diffusion constant along the x’ and
y' axes, and the rotation is assumed to be axially symmetric.
Figure 5 shows the effect of anisotropic rotational diffusion
(N = 7) along the x', y, and z’ axes on the intensity of the
three derivative lines. The feature that emerges from this
simulation is that only for z’ = X the intensity of the low-
field line is the highest among the three lines and the intensi-
ties of the three lines decreases from low field to high field.
For z = Y the intensity of the low-field line is less than that
of the center-field line, while for z’ = Z axis, the intensity of
the low-field line equals to that of the center-field line. The N

J. Chem. Phys., Vol. 84, No. 2, 15 January 1986
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7=X TR=021m167°

TR=025x10"°

9

TR=010x10"

FIG. 5. Effect of the axes of rotation on the intensity of ESR linesat N = 7.

value of 7 was obtained after a careful simulation of the ex-
perimental spectrum by using different anisotropy (N) of
the rotation. The rotationally invariant linewidth, which al-
lows correction for the inhomogeneous broadening by unre-
solved hyperfine structure, in all the three simulations is 1.1
G. This is a reasonable estimate for linewidths of ~1.7 G
observed experimentally for the center-field line.®

The ESR spectra in Fig. 4 were taken at temperatures
below the freezing point of toluene. These spectra are repre-
sentative of the slow-motional region. Correct treatment of
such data requires the simulation of ESR spectra in the slow
tumbling region. For this purpose the stochastic Liouville
theory for slow-motional effects on ESR spectra for § = 1/2
and I = 1 for nitroxides* must be used to simulate magnetic
resonance line shapes when the motional narrowing theor-
ies'"12 break down. For isotropic solvents this occurs when
the line starts to become asymmetric and/or the splitting
constants begin to deviate from a constant value.

The slow tumbling theory® has been successful in the
theoretical analysis of the ESR line shapes in the slow or
intermediate rotational regions. In these regions the radical
is tumbling too slowly for the earlier relaxation theories to
apply, yet is not tumbling slowly enough for the spectrum to
have approached its rigid limit. If we define H,(z) as the
rotational-dependent perturbation in the spin Hamiltonian
and 7 as the rotational correlation time, then slow tum-
bling in magnetic resonance means the inequality |H,(#) 75 /
fi| €1 is no longer fulfilled. Freed, Bruno, and Polnaszek'*
have developed a general approach used to simulate magnet-
ic resonance line shapes for any process that involved Mar-
koffian stochastic modulation of H,(?). This method can
describe ESR line shapes over the whole range of 7, from
the motional narrowing region through the rigid limit.

In Fig. 6 the ESR spectra were simulated by varying the
T values, taking N = 7 and using the magnetic parameters
in Table L. The criterion for the simulation is a match of the
intensities of the three lines with the experimental spectra
and the width of the center-field line. The corresponding 7,
values for each spectrum were aiso given in Fig. 6. Analysis
of the slow motional spectra showed very good agreement
between calculated and observed spectra regardless of which
reorientational models were used. This means that in the

106
oy

TrR=021x10"%

Tr=0.65x10"%

Tr=175x10"%

TR=37x10"3s

FIG. 6. Simulated spectra for Fig. 3 using N = 7 (except for the last spec-
trum in which N was 4).

temperature range of 163-211 K, the ESR line shapes of
BBTMPO in toluene are not model sensitive. In all the simu-
lations, N was 7 except for the last spectrum [Fig. 6(e)] in
which N was 4. We found that this spectrum, which corre-
sponds to BBTMPO in frozen state, could not be simulated
by using N = 7, because it would lower the intensity of the
low-field line by too much. As noted by Goldman et al.,'* the
primary effect of varying the value of N is to change the
relative amplitude of the low-field line; the N =4 deter-
mined from our simulation did give a very good match of the
relative amplitude of the low-field line.

BROWNIAN
Te=1.8x1078s

MODERATE JUMP
'CRz 1.3x1078¢g

STRONG JUMP
To=11x10"8s

FIG. 7. Comparison of experimental spectrum at 157.9 K of BBTMPO in
toluene with simulated spectra in the model-sensitive region.
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Figure 7 shows a comparison of the experimental spec-
trum at 157.9 K with three simulated spectra using Brow-
nian, moderate jump, and strong jump models. This is the
model-sensitive region where 7z ~1X 1072 s. The simula-
tion was obtained by adjusting 7; holding ¥ = 3. It can be
seen from Fig. 7(b) that the Brownian model gave the best
overall fit. We note with passing interest that for small ni-
troxides such as PD-Tempone, it has been shown' that in the
slow motional region, a moderate jump diffusion model
gives very good agreement between the experimental spec-
trum (of PD-Tempone in toluene) and the simulated spec-
trum, while the comparison is quite unsatisfactory for the
Brownian and strong jump models.

Figure 8 showed the theoretical simulation of the ESR
spectra in Fig. 4 with N = 3 and the Brownian model. The
magnetic parameters used in the simulations were those list-
ed in Table I. For simulations where 7z <5X10~° s, we
. generally used an L value of 10, and X value of 4. Using the
equations in the slow tumbling program, we obtained
NDIM = 87,/DIM = 28, NSY = 20,and NSY 2 = 63. For
7x longer than 5 X 10~° s, we increased the value of L and K
to 22 and 8, respectively. We then obtained N DIM = 297,
JDIM = 40, NSY = 38, and NSY2 = 234. With higher L
and K values, we can simulate line shapes for
TR = 6.25X1077s.

The parameters mentioned above are defined as follows.
N DIM is the dimension of the main program and is calculat-
ed by using the formula NDIM =3 + [6 XL X (L + 6)/
8] — [3X(L —KTERM) X (L — KTERM + 2)/4],
JDIM = (3XKTERM) +16 when L>KTERM
and JDIM = (3XKTERM) + 10 when L =K TERM.
NSY is calculated by wusing the formula NSY

=5 4+ (3XL MAX/2), and NSY2 is calculated by using
the formula NSY2 =3 + [3XL MAXX(LMAX 4+ 6)/
8].L is the terminating L valuein the expansion and itis an

Te=6.25x10"s

Tr=9.60%x10"8s

Te= 1.80x102 g

FIG. 8. Simulated spectra for Fig 4 using the Brownian model. The N values
were all 3 except for the last spectrum in which N was 4.

even number. K TERM is the terminating value of K for the
asymmetric expansion terms due to differences in the X and
Y principal axes of the A and g tensors. Values of K TERM
must be even and less than or equal to the L value. L MAX is
the maximum L value to be used for any plot, and it must be
equal or less than L.

The values of 7 so obtained are plotted as a function of
n/T for the spectra taken at the higher temperatures in Fig.
9. It can be seen that 7 is linear in /7. The slope of 75 vs
n/Tis 1.70(5) X 10~% s K P.~ !, For spherical top or linear
molecule this correlation time can be expressed as

TR = (4/3) (75 /kg) (/) -k, (D

where kj is the Boltzmann constant, T the absolute tem-
perature in K, 7 the coefficient of shear viscosity of the sol-
vent, r; amolecular volume which is constant for BBTMPO,
and « an experimentally determined dimensionless coupling
parameter called the anisotropic interaction parameter.'*#

The molecular volume of BBTMPO has been estimated
using Dreiding models to be 333 A? with the assumptions
that the Tempone ring has a chair conformation with both
nitroxy and imino groups in the equatorial position, and the
imine double bond has an “anti” configuration as shown in
Fig. 1. (These assumptions are currently tested by an x-ray
crystallographic analysis.) From the slope of 7z vs /7, this
gives x = 1.70(5) X 1076 1.381 X 10~ 15/[333 X (10®)?]

= 0.707. « for Tempone in toluene’ and jojoba oil** are 0.41
and 1.8 X 10~2, respectively.

The data above can be analyzed in terms of hydrody-
namic free space model for molecular relaxation in liquids'®,
a theory based on the existence of free spaces in the hydrody-
namic continuum in which the molecule can rotate. The
most probable shape for BBTMPO is a spherocone consist-
ing of length 10.7 A capped by hemispheres of radii b = 6.6
Aand b’ = 4.0 A at the base and the top, respectively. The
ratio of b '/b is 0.61. The estimated fy;c, and fy;, assuming
1/b =2.5 —b'/bare 1.55 and 0.33, respectively. From the
relationship

f;lip = ./;tick C:ﬁ': ’
(2)
Cd = 0.33/1.55 = 0.213,

70+

T —T

0 5 1s 25 35 45
n/Tx10*
FIG. 9. Plot of 75 vs /T in the temperature range of 162.8-192.5 K.

J. Chem. Phys., Voi. 84, No. 2, 15 January 1986



582 Hwang, Pollet, and Saleem: ESR fine shape of BBTMPQ in toluene

where f..; and f;, are dimensionless rotational friction
coefficients'® under stick and slip boundary conditions, re-
spectively. C ¢ is a result of hydrodynamic calculation in
which a large spher01dal object rotates in a continuous, ho-
mogeneous fluid. The stickiness factor®' can be calculated
from the relationship

—C3 _ 0707 -0213
1—Cc 1-0213

slip
The stickiness factor § is independent of molecular geometry
and is zero in the slip and 1 in the stick limit, 0 < S<1.

The stickiness factor can also be calculated by assuming
that BBTMPO is a prolate spheroid in which a = 8 A and
b=3.34A, a" = b/a. Under stick boundary conditions, the
dimensionless rotational friction coefficient calculated ac-
cording to Perrin’s?® formula is f%,, = 1.83 and the corre-
sponding values of f5;, calculated from

fulip = mck [ 1— stlck) 2/3] (4)
i80.606. C¥S = fip/ faicx = 0.331 and §' = 0.562=¢0.6.

Tempone is a prolate axially symmetric ellipsoid' with
a, =a, =42 A and g, = 2.85 A. This gives f, = 1.18
calculated from Perrin’s formula and f3;, = 0.123 calculat-
ed from Eq. 4. Cy, = f5 ,l,p/ fria = 0.104. The stickiness
factor calculated from Eq. 3 is S = 0.344.

The anisotropy for rotation N, defined earlier as
N =R /R, is related to the geometric structure factor by
means of the Stokes~Einstein equation’

S= = 0.628. (3)

R, =ksT/(8myajo;), i=|| or L, 5
where
9 =§/12(1—/12)[1—(1—/12)/1“
144 -1
Xln—[l—_—:{T]‘l/—z] ’ )
al=§/12(2—42)[(1+/12)/l'1
144
Xin L - ] (8)
with
—(aﬁ —ai)”’/a, and 0<A<1. (9)

BBTMPO is a spher01dal particle with semiaxes g >a,
where gy =a, =16 A, and a, =6.6 A. One obtains
oy = 132X 10“ and o, =3.11X10"". One obtains
N = 2.4 from Eq. (6) which is consistent, within experimen-
tal error, with our observation that N=3+0.5 for
BBTMPO in frozen toluene. In the liquid state, Nis 7 + 0.5.
The decrease in & is a result of freezing out of the rotational
degrees of freedom in the solid state. Similar effect has been
observed for peroxylamine disulfonate (PADS) radical in
frozen water and glycerol solvent in which Nis 2.9 + 1 and
4.7 + 1, respectively.??

The dependence of 7 on 1/T over the whole tempera-
ture range studied shown in Fig. 10, yields a good linear fit
with two slopes, with the activation energy for reorientation
process of 4.9 kcal/mol in the liquid state, and 9.9 kcal/mol
in the solid state. The higher activation energy of rotational

TEMPERATURE(K)

208 192 179 167 156 147 139
1 i " L 3 . L

Ln(Tg)

-22

4.8 5.2 5.6 6.0 6.4 6.8 12
1/Tx103

FIG. 10. Plot of In 75 vs 1/7T in the liquid and frozen states.

reorientation coupled with a lower N value in the solid state,
indicates that the rotational motion is more restricted in the
frozen state than in the liquid state.

The molecular structure and shape of BBTMPO is
closely related to the liquid crystal MBBA. The structure of

MBBA is:
CHT(cuz)y@N=cn~©-ow3

MBBA

BBTMPO can be used to investigate the effect of molecular
shape in the “slowly relaxing local structure” (SRLS) mod-
el.?® In the SRLS model, each spin probes sees a net local
potential which remains essentially constant during the time
scale, 7, required for the spin probe to reorient. Then, over
a longer time scale, the local reorienting potential relaxes.
Since the molecular structure of BBTMPO closely resembles
that of MBBA, it may be a more sensitive probe for the SRLS
mechanism, In the future, we plan to study the SRLS mecha-
nism using BBTMPO as spin probe.

CONCLUSION

BBTMPO was synthesized via a condensation of 4-n
butyl benzaldehyde and 4-amino 2,2,6,6-tetramethyl piperi-
dine N-oxide (4-tempamine). The shape of the resulting spin
probe has been estimated using the Dreiding models to be a
spherocone consisting of length 10.7 A capped by hemi-
spheres of radii b = 6.6 Aandb’ = 4.0 A at the base and the
top, respectively. The rigid limit spectrum of BBTMPO in
toluene was recorded at 77 K and the magnetic parameters
were determined using the method of Lefebre and Maruani
adapted to nitroxides by Polnaszek.

ESR spectra were recorded in the temperature range of
142-211 K. These spectra were simulated by using the sto-
chastic Liouville method. It was found that the ESR spectra
could be fitted by using the model of axially symmetric rota-
tional diffusion with the symmetry axis along the long axis of
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the spheroid and in the direction parallel to the N-O bond.
Brownian rotational diffusion was observed in the model
sensitive region at 7, ~1X 10™® s. This model is consistent
with a system in which the solute (BBTMPO) is larger than
the solvent (toluene). Rotational diffusion about the N-O
bond axis was found to be 3 + 0.5 and 7 + 0.5 times faster
for frozen and liquid toluene, respectively, than about the
other axes over a wide range of 7 values. A lower anisotro-
py of rotation (N = 3) coupled with a higher activation en-
ergy for reorientation (E, = 9.9 kcal/mol) was observed
for BBTMPO in toluene in the frozen state. The higher acti-
vation energy of rotational reorientation coupled with a low-
er N value in the solid state, indicates that the rotational
degrees of freedom is more restricted in the frozen state than
in the liquid state.

Molecular reorientation for BBTMPO in toluene was
analyzed in terms of a stickiness factor (.S) and found to be
0.6. The anisotropic interaction parameter « which measures
the coupling of rotation to translation was found to be 0.7.
For PD-Tempone in toluene the stickiness factor was calcu-
lated to be 0.3, and x is 0.4. The doubling in the size and
weight in going from PD-Tempone to BBTMPO increases
the stickiness factor and « from 0.3 to 0.6, and 0.4 to 0.7,
respectively.
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