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FOREWORD

The ACS Symrosium Series was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Series parallels that of its predecessor, ADVANCES
IN CHEMISTRY SERIES, except that in order to save time the
papers are not typeset but are reproduced as they are sub-
mitted by the authors in camera-ready form. As a further
means of saving time, the papers are not edited or reviewed
except by the symposium chairman, who becomes editor of
the book. Papers published in the ACS Symposrum SERIES
are original contributions not published elsewhere in whole or
major part and include reports of research as well as reviews
since symposia may embrace both types of presentation.
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PREFACE

Magnetic resonance, although a mature tool at this date, continues
to be exploited in novel ways. The purpose of the symposium on
“Magnetic Resonance in Colloid and Interface Science” is to present a
current statement for this area of research. The scope is broadly encom-
passing; reports of nuclear, quadrupole, electron paramagnetic reso-
nance, and Méssbauer studies are included, with a proper mix of theory
and experiment. Our aim is to include all experimental systems in which
molecules or ions are bound to interfacial structures or within colloidal
systems. We span the range from the biological to the petrological with
a sharp emphasis on those systems in which catalytic processes occur.
Thus, the first papers focus on anisotropy, gradually yielding to gas—solid
adsorption systems and surface kinetics. Aqueous macromolecular sys-
tems are then discussed; work with living systems appears finally. A
truly international and interdisciplinary roster of participants has made
certain that our aims and desires were achieved. That we were able to
bring such a large contingent from abroad to participate in this sym-
posium results from not only our desire to fittingly celebrate the Bicen-
tennial of the United States of America, the Centennial of the American
Chemical Society, and the Semicentennial of the Division of Colloid and
Surface Chemistry, but also from the generosity of our financial sup-
porters, namely: The Petroleum Research Fund of the American Chemi-
cal Society, the Experimental Program Development Fund of the Ameri-
can Chemical Society, Office of Naval Research, Marathon Oil Co.,
Nicolet Instrument Co., Wilmad Glass Co., Inc., Bruker Instruments, Inc.,
Perkin Elmer, and Union Carbide.

The organizers heartily thank these donors for their substantial part
in the success of the symposium. We acknowledge also the encourage-
ment and support of W. H. Wade, Chairman of the Division of Colloid
and Surface Chemistry, Noel H. Turner, Secretary of the Division of
Colloid and Surface Chemistry, the able secretarial assistance of Mrs.
Brenda Russell, and the encouragements of our respective spouses, Kay
and Kim.

Hengry A. ResiNg Cuarres G. WabDE
Washington, D. C. Berkeley, Calif.
July 1976
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ESR Studies of Spin Probes in Anisotropic Media

JACK H. FREED
Department of Chemistry, Cornell University, Ithaca, N. Y. 14853

We wish to summarize some of our recent studies of spin
probes in liquid crystalline media. We also wish to indicate
some theoretical aspects of spin-dependent phenomena on surfaces
and interfaces.

Order Parameters and Equation of State

One of the most useful ways in which magnetic resonance may
be applied to anisotropic media is to the determination of the
molecular order parameter:

§ =  <3cos?8 - 1> 1

vhere B8 is the angle between the preferred spatial direction in
the medium, usually referred to as the director and specified by
unit vector n, and the symmetry axis of the molecule. Actually,
this parameter is sufficient only if the molecule is ordered with
cylindrical symmetry (either prolate with positive S or oblate
with negative S). In general, there is an ordering tensor, which
is completely specified once the principal axes of ordering of
the molecule relative to the director are known, and the values
of S and the "asymmetry parameter" are given.

§ = ‘—/g- <sin?B cos2a> 2

In eq.2 a is the azimuthal angle for the projection of the direc-
tor in the molecular x-y plane. One finds, in the case of nitro-
xides, that if the principal axes can e choszen on the basis of
molecular syumetry, it i3 then possible to cetermine S and §

from ESR measurements of the effect of the ordering on hyperfine
and g-shifts (_l__,g_). It is, of course, first necessary to accura-~
tely measure the hyperfine and g-tensors from rigid-limit spectra
preferably in the solvent of interest, since these tensors are
generally somewhat solvent-dependent (1,2,3). It was found that,
by a proper choice of the molecular z-axis, it is usually possible
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2 MAGNETIC RESONANCE

to keep § small relative to S. The ordering tensor may be related
to Py(Q) = PO(B,u) the equilibrium distribution by such expres-
sions as:

S = !dQP (Q) (3c0528 1) 3

where
Po(ﬂ) = exp(-U(Q)/kT) / fdﬂeXP(-U(ﬂ)/kT) L

with U(Q), the mean restoring potential of the prabe in the field
of the molecules of the anisotropic solvent. Since the mean
torque on the probe is obtained by taking the appropriate gradient
of U(q) (1,2,%), one has that it is statistically the potential
of mean torque for the spin probe. This potential U(R) can be
expanded in a series of spherical harmonics of even rank, since,
in liquid crystals f and ~-n are equivalent. The leading terms in
the expansion are then spherical harmonics of rank 2. So, if we
keep only these lowest order terms, and employ the principal

axis system of the ordering, then

U(B,a)/kT = -Acos2B -psinBcos2a. 5

A non-zero § then implies a non-zero P. Once these potential
parameters A and p are measured, then they may be related to
theories for the equation of state of the liquid crystal. In
the "mean-field" the?rx of %he Maler-Saupe type, one assumes
that, for example, s) aSS/YYST (where the superscript
1mp11es solvent molecules), where the coefficient a$3 which is
independent of T and V refers to the strength of the anisotropic
potential and A s) is taken to be proportional to the me?n
ordering of the surrounding solvent molecules given by S‘8
This expression also allows for dependence of the interaction
oqsmolar volume V. A simple point of view would be to let

« r YS so a measurement of y_. would indicate the nature
of the 1ntermolecular forces leading to the orienting potential.
The case of y -2, implying van der Waals attractions, would
correspond to Maler~Saupe Theory. More generally, 3y would
represent some mean radial dependence averaged over the different
kinds of interaction forces. In the case of a dilute solution
of probe molecules, which ar? ?rder? by thejir interaction with
solvent, one should write: A\P s) aSP/V'P T. Thus, studies
of the pressure and temperature variation of the ordering should
be useful in testing theories of the equation of state.
Interestl?g thermodynamic derivatives one may hope to measure
are (31ns\1 /alnT) and (31nT/31nV) (). Actually one obtains
the analogous expre551ons with V repiaced by P from pressure-
dependent studies. Then one uses P-V-T data to obtain these
derivatives . Using the simple mean field theory outlined above,
but with p=0, one finds:
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1. FREED Spin Probes in Anisotropic Media 3

a1ns(8)) _ s ]
31nT 1+RS
v
2
where RS = (As(S)) aSs / V'S T 6a

with (AS(S))2 the mean square fluctuation in order parameter, and
RS is a quantity that %s)uniqu?lx predicted by Maier-Saupe theory
s s

for a given value of S or i Also:
awns(P))  _ s(s) Rr(p) 7
3InT v s(p) 1+R(s)
2
with r(P) = (as(p)) 4P / v¥P T . Ta
Also,
31nT =
= =Yg 8
(31nV>S(S)
and lnT 2 o= oy J1RS)- 2590 9
31nV ) (p) p P Yp

Thus we see that experimental results on (alnS(i)/alnT) enable
tests of the mean-field theories, while those on (alnT/Xan)S(i)
provide information on the nature of the orienting potentials.

The experimental results on { 1nS i)y InT)y both for i=s from

NMR studies an the nematic PAA (5), and for i=p from ESR studies
on the weakly-ordered perdeuterated nitroxide spin probe
PD-Tempone in the nematic solvent Phase V, are in qualitative
agreement with eqs. 6 and 7 respectively, but the predictions

are typically about 50% larger in magnitude compared to the
experimental results. Since R(S) is predicted to range from

about -3/4 to -1 in the nematic phase, this is not surprising.
Thus, small contributions from other terms in the expansion of
U(Q) (e.g. the fourth rank spherical harmonics), can readily
"explain" such effects (4). The main point is that the thermo-
dynamic measurements of ordering, whether for the pure solvent

or the spin probe, compare reasonably well with the single para-
meter (A) mean-field theory. Thus, it is reasonable to attach some
physical significance to eqs. 8 and 9. The NMR result on PAA gives
Ys=h, vwhile recent more approximate results from P-V-T measurements
at the isotropic-nematic phase transition give YSN3.3-h for a
range of solvents including MBBA, which is very similar in
properties to Phase V (6). Now eq.9, after allowing for the small
corrections in magnitude in R(S as djscussed above, should be
moderately well approximated by y! 5-(7 +Ys). The experimental
results on PD-Tempone in Phase V Rave yiegded ngz. This suggests
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4 MAGNETIC RESONANCE

that y_ itself is rather insensitive to changes in the molar volu-
me. Thls may not be so surprising if we have (1) the weakly
aligned spin probe located in a cavity of the liquid crystal,

(2) a specific short-range attractize interaction between probe
and solvent molecules dominant in A P); and (3) the size of the
cavity is not rendered small relative to the molecular size of
PD-Tempone at the pressures achieved. This model is supported and
amplified by the spin-relaxation results below. Clearly, it would
be of considerable interest to determine y, as a function of the
size and shape of different probe molecules.

Relaxation and Rotational Reorientation

We now discuss detailed results on ESR relaxation and line-
widths: how they are to be analyzed and the microscopic dynamical
models they suggest (1-4,7). As long as the concentration of spin
probes is low, the line shapes are determined by rotational
modulation of the anisotropic interactions in the spin Hamiltonian,
in particular the hyperfine and g-tensors; (the nuclear quadrupole
interaction exists for nitroxides, but is too small to be of
importance except in ENDOR experiments). The important feature of
anisotropic media that is different from isotropic media is the
existence of the restoring putential U(R), to which the molecular
reorientation is subject. The simplest model for molecular
reorientation is then 3rownian rotational diffusion including
U(Q) in a rotational Smoluchowski equation. This may be most
compactly written in terms of P(Q,t), the probability the
molecular orientation (relative to a fixed lab frame) is specified
by Euler angles Q at time t, and M the vector operator which
generates an infinitesimal rotation, by (1,2,8):

=
—__-2_3ng t) - M.R. [ﬁ + [MU(Qﬂ/kT]P(Q,t) 10
The dyadic % represents the rotational diffusion tensor. One may
solve this diffusion equation by various methods and then obtain
various expressions for the ESR line widths in the motional
narrowing region (g,gJ;g). The main points to note are that

1) the restricted rotation due to the restoring potenti means
that the rotational modulation of the spin Hamiltonian (Q) is
reduced in magnitude, and 2) the rotational relaxation répresen-
ted by Tt for an isotropic liquid, must now be replaced by a
collection of correlation times associated with the different
orientational components to be relaxed in the spin Hamiltonian.
That is, we first expandJP (9) in the_usual fashion in terms of
the generalized spherical ﬁarmonicsd)%M(Q):

KL (L,K) (L,M)
R @ o Z o DO gm0 7 1
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1. FREED Spin Probes in Anisotropic Media 5

L,K
with F!( K) and A.(L’K) irreducible tensor components of rank L,
where 'F' is in molecule-fixed co~ordinates while A is a spin
operator in the lab axes. Then the correlation functions:

2
¢ (s se) = <Dr By M.( ()

x (2) * (2)

- Dy 02 Do e (40)> 12
will exhibit different time dependences for each set of values of
the "quantum numbers" K, K', M, and M'. (Jote that s=<{2)(2)>).
Such a theoretical analysis has been found, in various studies
(;g), to give reasonable semi-quantitative agreement with
experiment. However, liquid crystalline solvents tend to be
somevhat viscous, and large spin probes tend to reorient slowly.
Consequently, motional narrowing theory need not apply (1,2,h4).
This fact has not been adequately appreciated in past work, since
the effect of the ordering in reducing the modulation of)ﬂ(ﬂ)
yields narrower lines. Nevertheless, the slow motional features
manifest themselves in significant shifts of the resonance lines
and in lineshape aysmmetries, This former effect can lead to
significant errors in determination of S as outlined above, if
the slow-tumbling contributions are not corrected for. The line-
width asymmetry starts to be appreciable at somewhat shorter
Tls, so it can be used as an indicator of slow tumbling in
agisotropic media. The slow-tumbling theory of ESR lineshapes in
anisotropic media is based upon a generalization of eq. 10 known
as the stochastic Liouville equation in which one introduces a
probability density matrix that includes simultaneously the spin
and orientational degrees of freedom (1,8).

Recent careful studies have now shown the importance of slow-
tumbling corrections, but, even more importantly, have demons-
trated that the rotational reorientation is not so simply
described as given by eq. 10 for Brownian reorientation subject
to the potential of mean torque (1-4, T, 13, 14). This matter has
been analyzed theoretically from several points of view (2,3,8).
The main point to be made is that molecular probes, which are
comparable in size to the solvent molecules, are subject to a
range of intermolecular torques affecting the reorientation and
these torques are characterized by a wide spectrum of "relaxation
times”. Brownian motion is the limiting model appropriate when
T, , the rotational reorientation time of the B particle, is much
slower than the "relaxation times" for the intermolecular torques
experienced by it, such that the latter are well approximated
as relaxing instantaneously. Instead, for particles of molecular
dimensions, one must distinguish between forces that are relaxing
much faster than, comparable to, and slower than t,, since they
will tend to play a different role in the reorientational motion.
These considerations are particularly important for ordered media
such as liquid crystals.

In Magnetic Resonance in Colloid and Interface Science; Resing, H., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1976.



6 MAGNETIC RESONANCE

According to our approximate theoretical analysis, fluctua-
ting torques relaxing at a rate that is not slower than 1R will
contribute to a frequency-dependent-diffusion coefficient, e.g.
for a simple model wherein the fluctuating torques decay with a
single exponential decay constant Ty» One has:

R((ﬂ) = Ro(l-i(ﬂTm) . 13

where R, is the zero-frequency diffusion coefficient. Such a model
might approximately account for the reorientation of a probe
molecule of comparable size to the surrounding solvent molecules
wherein the reorientation of the latter at rates comparable to T_,
provide the fluctuating torques causing the reorientation of the
probe molecule. This is called the "fluctuating torque" model
(2,3,4). In the case of an isotropic fluid (i.e. U(R)=0), eq.13
leads to a spectral density:

Jw) = Re[ e-iot gt C(K;M;t) = TR/[l+em2T§], . 1k

with eE[l+‘rM/'rR]2. Recent observations of anomalous behavior of
the non-secular spectral densities (i.e. w=wg the electron spin
Larmour fequency) for some nitroxide spin probes peroxylamine
disulfonate (PADS) and PD-Tempone are amenable to such an
interpretation with 1y ~ 1p (3,15,16). There is also some indi-
cation that even for pseudo-secular spectral densities (i.e. Wp s
the nuclear-spin Larmour frequency) such an analysis is appro-
priate (3). Also, it has been noted (3) that such a model may be
appropriate for explaining anomalies in slow-tumbling spectra
that had previously (15,16) been attributed to rotational reorien-
tation by jumps of finite angle. The basic point is that the
spectral density of eq.ll is similar, but not identical, to
typical spectral densities predicted for models of Jump diffusion
(8).

For anisotropic media, the "fluctuating torque" model with
eq.13 may also be applied to eq.10 (or more precisely its
Fourier-Laplace transform). Because U(R) # 0, the spectral
densities are more complex than given by eq.lk. In fact, it becomes
necesgary to recognize the tensorial properties of K{o) as well
as 1. In an "anisotropic diffusion" model, the principal axes of
diffusion are fixed in the molecular co-ordinate frame (2,4).
This is a model which is also appropriate for isotropic nedia. In
an "aiisotropic viscosity" model the principal axes of ¥ (as well
as 1) would be fixed in a lab frame, e.g. with respect to the
macroscopic director (2,4). One can, furthermore, introduce a
"localized anisotropic viscosity" model in which there is ordering
on a microscopic scale (i.e. a local director), but it is random-
ly distributed macroscopically.

Experimental results on the weakly ordered PD-Tempone spin
probe have been found to exhibit rather large anomalies in the
incipient slow-tumbling region (tg 3 10-9 sec.), where the ESR

In Magnetic Resonance in Colloid and Interface Science; Resing, H., et a.;
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1. FREED Spin Probes in Anisotropic Media 7

lines are beginning to lose their Lorentzian shape. These anoma-
lies could be successfully accounted for by a fluctuating torque
model in which Ty is highly anisotropic when referred to the lab
frame (i.e. the torques inducing reorientation about the axis
parallel to the director are very slow). But, for a variety of
aspects (not the least of which is the fact that € would have to
be very large (ca. 20) implying Ty>Tg), which are inconsistent
with the basic "fluctuating torque" model, this mechanism does
not appear to be an adequate explanation. (A simple "anisotropic
viscosity" model may successfully be applied to predict the
observations, but it too would lead to physically untenable
predictions).

Combined studies of the pressure dependence as well as
the temperature dependence of the ESR lineshapes have been useful
in demonstrating that this anomaly (in which the two outer lines
of the 14§ hyperfine triplet are significantly broader than
predicted from simple theory for T ~10-9 sec,) is mainly dependent
on tg(T,P) and nearly independent of the particular combination
of T and P. This is good evidence that the anomaly is associated
with the viscous modes, as is Tp itself (2,4).

We now turn to the models appropriate when there are impor-
tant fluctuating components of the anisotropic interactions which
relax significantly slower than 1,. In this case, it is necessary
to augment the potential of mean gorque U(Q) by an additional
component U'(Q,t) which is slowly varying in time, but with a
time average <U'(Q)> = 0. In this "slowly relaxing local structuré'
(SRLS) model, each spin probe sees a net local potential given by
U(Q)+U'(Q,t) which remains essentially constant during the time-
scale, Ty, required for it to reorient. Then, over a longer time-
scale, tge local reorienting potential U'(Q,t) relaxes. An appro-
ximate analysis of ESR lineshapes using this model does appear to
have the correct features for explaining the observed anomalies,
but a full treatment would be very complex (2,4). This analysis
yields rough estimates of the order parameter relative to the
local structure of $;2v1/16 and ty/Tgv10, where x is the rela-
xation-time of the local structure. ?Again, one can bring in ani-
sotropies in T‘l). This SRLS mechanism is one that may also be
applied to macroscopically isotropic media, which however, on a
microscopic level display considerable structure. A very appro-
ximate analysis {2,4) for the isotropic spectral densities
analogous to eq.IH yields

3o(w) = [Dolw) + 8.7 1/ (14?1, ?)] 15a
I5{w) = D, (w) 15b

where Jo(w) is the spectral density for the K=0 (cf. eqs.11-12)
terms and Jg(w) for the K=2 terms. For w21R2<<l, one may appro-

ximate D (w) and Dg(m) by:

In Magnetic Resonance in Colloid and Interface Science; Resing, H., et a.;
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8 MAGNETIC RESONANCE

1]

_ 2 3
Do(w=0) = [1 + 0.27S - 2.875)% + 1.5225) ]t 16a

R
[1 + 0.0525, + 0.264s % + 0.1775 Y1y 160

n

D, (w=0)
provided Sy is positive and %£0.8; while

Dy(w=0) = [1 - 0.1805, - 3.115,% - 6.345, %1,  17a

Dy(w=0) = [1 - 0.1345; - 0.6015,2- 2.6545; ]TR 170

provided S, is negative and } -0.4. One effect of the results

expressed by eqs. 15 is to cause the j (w) and 3o (w) spectral

densities to be different, just as though there were anisotro-
pic diffusion. It is the more complex frequency dependence, as
well as TX/TR >> 1, that enables eqs.l5 to have features which
are consistent with the anomalous experimental observations.

It is interesting to note that the Pincus-deGennes model
of spin relaxation by director fluctuations (17,18) can be applied
to ESR relaxation (2) just as it has been to NMR  relaxation (19).
It is also, in a sense, a slowly relaxing structure mechanism.
The important differences with the above SRLS model are the Pin-
cus-deGennes model (1) is a hydrodynamic one based upon long-
range ordering and not a local structure, and (2) includes only
small fluctuations of the director orientation about s mean
orientation. Feature 2) results in the prediction (2) that its
ESR contribution is opposite in sign (as well as much too small
in magnitude for a weakly ordered probe) to "explain" our
observed anomalies.

Recent analyses on a highly ordered cholestane nitroxide
spin~probe have exhibited the importance of applying a slow
tumbling analysis (lnlénlg)' Also, a spin-relaxation theory
which recognizes the statistical interdependence of rotational
reorientation and director fluctuations (or of the former and
SRLS) has recently been developed (29).

It should be clear, then, that interesting microscopic
features of molecular motions in anisotropic media manifest
themselves in ESR spectra, and it is still a challenge to unravel
the intricate details of observed spectral anomalies.

Many of the general features applied to anisotropic fluids,
as discussed above, would be applicable for studying rotational
reorientation of molecules on surfaces and at interfaces. That
is, one could determine an ordering tensor as given by egqs.l and
2 with the director usually normal to the surface. ngever, the
director will no longer obey the symmetry relation n = -fi.
Thus, the expansion of U(Q) in spherical harmonics would have
to include odd rank terms. In particular, one should add to the
L=2 terms, such as given by eq.5, the L=1 term proportional to
cosB. Rotational diffusion would still be described by eq.1l0;
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1. FREED Spin Probes in Anisotropic Media 9

the correlation functions defined by eq.l2 would still be appro-
priate for motional narrowing, although their detailed form is
altered; and the SLE equation for slow tumbling would have to
include the new U(Q). It remains to be seen what particular fea-
tures of the microscopic motions will manifest themselves in
careful ESR studies.

Phase Transitions

In the pressure-dependent study of PD-Tempone in Phase V
solvent, the nematic-solid phase transition was also studied ().
It was found that in frozen solution, PD-Tempone undergoes rapid
isotropic rotational reorientation with values of 1, about the
same on either side of the phase transition. This suggests that
the probe is located in a cavity, and its structure is very
similar, whether above or below the phase transition. However,
as the pressure is increased, 1, actually becomes shorter! This
is taken to imply that increasing the pressure freezes out
residual movement of solvent molecules into the cavity, and the
motion of the spin probe becomes less hindered in the cavity.
Also, we may note that a large relaxation anomaly, of the type
discussed above, is observed in the solid phase, and it is
suppressed as the pressure is increased. This is consistent with
our model of the probe in a cavity in the solid and with the SRLS
mechanism.,

The isotropic-nematic phase transition of nematic solvent
MBBA with PD-Tempone probe has been studied with careful tempe-
rature control (7). The ESR linewidths are fitted to the usual
expression: § = K#BM+CM2, where M is the 14N nuclear-spin z-com-
ponent quantum number. The parameters B and C are observed to
behave anomalously as the phase transition at temperature T, is
approached from either side. In fact they appear to diverge.

The non-anomalous, or background contributions to B and C (i.e.
B, and C,) may be analyzed in the usual manner to show that tp

is again nearly the same on either side of the phase transition.
The anomalous contributions to B and C (i.e. AB and AC) are found
to be fit by the form:

Isotropic Phase:

+
AB = (o.o3h)(T-T*)'°‘6:°‘2 18a
AC = (0.041)(T-T*)-0-570.1 18b
Nematic Phase
+
aB = (0.051)(T*-1) 0-2-0.1 19a
ac = (0.077)(T*-1)~0-5%0.1 19b

These results have been successfully analyzed in terms of Landau-
deGennes mean-field theory (21,22) for the weak first order
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10 MAGNETIC RESONANCE

transition, as applied to ESR relaxation (7). In this theory, the
free energy of orientation (F') of the liquid crystal is expanded
in a Royerzserieg in the gemﬂtic order parameter Q; i.e.

F' = AQ° - 13 Q3 +1¢C Q7. One then minimizes the free energy
to obtain the “values “of Q in the nematic phase (QN) as well as
the location of T .. One then allows for small fluctuations of Q
about the mean vaiues of Q=0 in the isotropic phase and Qy in the
nematic ghase by including in the free energy a term:

fL(¥Q)243r, where L is a force constant for distortions and

YQ(¥) is the gradient of Q. One then studies small fluctuations
in F' (or AF') by Fourier analyzing Q(¥), and keeping only lowest
order terms in Fourier components Q, in the isotropic phase (and
AQq the FT of AQ = Q—QN in the nemafic phase). Thus we have:

AF! %M ZKAqu2)|Qq|2 isotropic phase 20a
q

AF!

Ly \é(}Tﬂ.qu) |AQq|2 nematic phase  20b
2

vhere A = A - _2BQ_ + 3CQ 2 and V is the sample volume. It is then
assumed that A = T-T*), One then determines that the relaxation
times, Tq for the qth mode are given by:

rq‘l = L(£~2 + qe)/v isotropic 2la
- ~ 2
T 1. LN(E 2, a )/vN nematic 21b
2 = =2 _ - + R
wgere ¢ = L/a(T-T*) and £° =z L, /A = LN/3a(T -T) (with

T =T, + l(Tc-T*) and the approximation applies only near T.).
The quantigkes £ and £ are the coherence lengths of the order
fluctuations in the isotropic and nematic phases respectively,
and v and v, are the respective viscosities. One then obtains
for the ESR linewidth contributions for the weakly ordered spin
probe:

aB = 5B, 17t Ky o(0) 22
AC = Co TR71[BK, (0) - 3K, 5 (uy)] 23
where
(p))2 1,1
K () = kT\)E(S_ (1414 (w/w )2] 2)‘/2 PN
0,M /2 br 12(s(8))° [ 5

and w,zL/vE2, Below T , one replaces & everywhere by § in eq.2L.
gg.ZhEEredigts Ko M(O? « £ or £, and we have E«(T-T*)~2 and
£ « (TT-T)2 from’their derivations. This is in exact agreement
with our observations of eqs.18 and 19. We also find experimen-
tally that T.-T* = 1° and T*-T, = 0.5° also in agreement with
prediction. The magnitude of AB (and AC) in the isotropic phase
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1. FREED Spin Probes in Anisotropic Media 11

can be predicted from eqs. 22-24 and values of the experimental
parameters measured by Stinson and Litster (23) in the isotropic
phase. The agreement with our experimental results is again very
good, (Stinson and Litster measured a,L and v by light scattering).

Thus the ESR observations about the isotropic-nematic phase
transition display a symmetry for spin-relaxation due to critical
fluctuations, and the characteristic features are predicted
rather well by simple mean-field theory combined with a motional-
narrowing relaxation theory. It is significant to note that light
scattering and NiR studies only successfully deal with order
fluctuations above Tc and could not demonstrate this symmetry
about T,. The two above examples should clearly demonstrate the
utility of ESR studies of phase transitions in the anisotropic
media.

Spin Exchange and Chemically-Induced Spin Polarization in Two
Dimensions

Translational diffusion may be monitored by spin probes as
a function of the concentration of the probes. This has been
extensively studied in isotropic liquids (2L,25) and some work
has been performed in liquid crystals (;g,ég). In these works,
one monitors the translational diffusion by the concentration-
dependent line broadening due to the Heisenberg spin-exchange
of colliding spin probes in solution. It is interesting to
speculate on the nature of such phenomena if radicals are confined
to translate on a two dimensional surface. From the point of view
of radical-radical interactions on surfaces, one may ask the
related questions about spin-dependent reaction kinetics on sur-
faces and the associated magnetic resonance phenomena of CIDNP and
CIDEP which have been amply studied in three dimensions (27,28).
Deutch (29) has pointed out that such phenomena should be qua-
litatively different in two vs. three dimensions, mainly because
the re-encounter probability of two radicals which have initially
separated is always unity for two dimensions, but less than unity
in three dimensions. A recent study (30) focuses on the two
dimensional aspects from the point of view of the Pedersen-Freed
theory (28). In this theory, the stochastic Liouville equation
(SLE), which simultaneously includes the spin -and diffusive
dynamics, is solved by finite difference methods subject to an
initial condition (usually that the radicals are initially in
contact or slightly separated). The results then show the accu-
mulated spin-dependent effects after the radical pair have had the
opportunity to re-encounter many times (and possibly react). This
is referred to as the "complete collision". One then obtains
(1) the probability of spin exchange per collision (AP), (2) the
fractional probability of reaction per collision if there are no
spin-dependent selection rules (A), (3) the probability per
collision of conversion of non-reactive triplets to singlets which
immediately react (F*), and (L4) the polarization of radical A
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12 MAGNETIC RESONANCE

from the radical-pair mechanism per collision (P,). However, in
two dimensions, because the re-encounter probability is always
unity, the "collision" is never complete as t “= , unless other
processes act to interfere (e.g. radical scavenging, radical Tl,
or radicals leaving the surface). Thus a finite time scale is
brought on by these other processes. It has been pointed out that
a finite time scale can be replaced by a finite outer radial
collecting (or absorbing) wall boundary at ry in these problems
(28). It is convenient to solve for finite ry and then transform
to the equivalent time representation. We summarize approximate
expressions obtained from the numerical solutions.

The re-encounter probability (tp) for finite ry is given by:

r r
te=1-1In(L) / (G 25

where r. is the initial radical separation and d the encounter
distance. (The next set of results are quoted for rI=d). The
quantity A obeys

A = kTy Ln(gN—) /[1 + k1 In(-?-)] 26

where k is the first order rate constant for irreversible
disappearance of singlet radical pairs waen in contact ith a
"sphere of influence" from d to Ar., and 1, = dAr, /D is a
characteristic lifetime of the encounter p&%r witth the relative
diffusion coefficient.(One recovers the 3D result by replacing
In(=N) in eq.26 by unity). Thus as ry*> , A 1 as it should,
sinfe there will be many re-encounters to guarantee reaction for
finite k.

Then § * approximately obeys:

r, bWf..2)2
poa@el)
1 Qd~ 1.0 Ty ™ ™ 0.2
M 5 [mG] T [ e

where 2Q is the difference in Larmcur frequencies of the two
interacting radicals. As Ty gets large (and/or for large Qd‘?)
eq.27 goes as D

0.2
Pt ] o

vhich increases wih Inr, until f* = 1, its maximum value.

{Eqs. 27 and 28 neglect the relatively small effects of the
exchange interactions (30)). For typical values of the parameters
eq. 28 is usually appropriate. Note that CIDNP polarizations are
typically closely related to the product, A’f* (28) . Eq.27 is
different in its Q dependence from the Q,/é power-law typically
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1. FREep  Spin Probes in Anisotropic Media 13

found in 3D. This Q dependence suggests that in 2D the mechanism
does not require the time period between successive encounters
for the spin-dependent evolution due to having Q # 0. Instead
the relevant spin-dependent evolution occurs while the radicals
are in contact during each encounter.

For CIDEP, a contact exchange model yields:

1,5,° (Qd2 1
3 ) 2J,11 29
P, =

ry 2 2 e 2
1+ b(EHQ (Q%-) l+%§ Ln(gl)(2Jorl)

with € 2 1.2 and b = 3/2 for 2J,t, <<l and € 2 0.85 and b = 1/5
for 2J_t, > 1. Here J _is the mag&itude of the exchange interac-
tion of infinitesima.cf range Ar, and 1, = dAr_/2D. Again, the Q-
dependence indicates the importance of the sp’In dependent
evolution during each encountef. F?r finite range of exchange
iateraction (i.e. J(r) = Joe'x r-d) ) one has 'rl(x)'d._. 1+_l__)
with a similar, but not identical, form to eq.29. D 24\

In particular, for 2J,t1(}) > 1 (and/or large rN),

3.3 1 -0.02
3(_1H, (9&2_) (29511(2) )
p . 8.10d D 30
a r 2.75 r 3.3 o 0.85 2 L
1 N N d d
1 a'[“"d—} w5 Gop

For Heisenberg-spin exchange, a contact exchange model yields:

() = (mG@)? (235" / [ 020001, ]

31
This is like the 3D result, which is recovered by letting
La{IN) 4 1. For finite exchange range, one has the possibility
of 4 values of #(dy) greater than unity as in 3D (28):
2 ™12
aP(d;) = 1 + [Ln(l+Jod /D)]3/ [ Ln(:i—-)] Ad

Ry 2

2 2., XN
for Jo T (An—g ) 2,001 32

1[5 (]2
which becomes the 3D result if?[bn(a—) +1.
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14 MAGNETIC RESONANCE

Lastly, we can replace the dependence upon ry in the above
expressions with that on s, the Laplace transform of time by
using:

r
g1 =[m(3fl) -g (rN)2/hD. 33

Then, these results are rigorously for radical pairs which are
scavenged or "collected" by a (pseudo) first-order rate process
with rate constant s. More approximately then, they correspond to
the values at time t ~ s=1, The generally weak dependence of
these equations on r, (e.g. the validity of eq. 28, etc.) hence
on s, suggests that ghe approximate point of view is ent:lreiy
satisfactory. Then we can approximately replace s by kr+Tl‘

in eq.33 (where kr would take care of radical scavenving, rate
of leaving the surface, etc.) for use in the previous expressions.
When desired, however, the SLE equation may be solved, explicitly
including the disruptive effects.

In some applications, in particular that of Heisenberg spin
exchange, the radicals are initially randomly distributed. Thus,
one must first determine the steady-state rate for new bimolecu-
lar collisions of radical-pairs, (2k,, cf. 28). While in 3D this
is a well-defined quantity, it is no% quite true for 2D, since
the rate always has some time-dependence (;;_). Thus, in this
case the actual rate (for unit concentrations) of spin
exchange at time t (Br times t + =) would be obtained from the
convolution f_ " AP(t-1) k(1) 4t or alternatively from its
Laplace trans?orm: AP(s)k(s) using eq.33 and eq.31 or 32 for AP.
Similar comments apply for CIDEP (P,(s)) and CIDNP (=A(s)F*(s))
due to random initial encounters.

In addition , we note that for magnetic resonance in 2D,
spin relaxation by modulation of intermolecular dipolar inter-
ac tions is an important concentration-dependent mechanism (32).
It is expected to be sensitive to the structure (i.e. the pair
correlation function) appropriate for the fluid or surface (33),
Just as are the other mechanisms we have discussed (28).
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Measurements of Self-Diffusion in Colloidal Systems by
Magnetic-Field-Gradient, Spin-Echo Methods

JOHN E. TANNER
Naval Weapons Support Center, Applied Sciences Department, Crane, Ind. 47522

A very useful application of NMR methods to colloidal
systems is the measurement of translational self-diffusion
coefficients in the fluid (usually liquid) components. Rates of
diffusion indicate the restrictions to mobility due to adsorption
or due to physical barriers. In many cases, one may also obtain
information on the dimensions of the barriers or other inhomo-
geneities,

Types of systems which have been or might be studied by
these methods include biological cells and tissues, porous rocks
and minerals, emulsions, liquids adsorbed on fibers, polymer
solutions, and the synthetic and natural adsorbent materials
used for various types of chromatography.

MR Methods of Measuring Diffusion

There are two distinct NMR methods used for measuring
translational diffusion. In one method' the nuclear spin-spin
(T,) and spin-lattice (T,) relaxation times due to random motions
over distances of a few Angstroms are measured by cw or pulse
methods. By repeating the measurements over a range of tempera-
tures and/or resonance frequencies, and/or degrees of isotopic
substitution, and by the use of other information about the
system it is frequently possible to analyze these motions in
terms of molecular rotations and translations. The simpler the
experimental system, the easier the analysis, and the less
ambiguous are the results. With certain metals®-® and plastic
crystals® the measurement of spin relaxation is the preferred
method of determining translational self diffusion.

A somewhat different application of spin-relaxation measure-
ments to determine diffusion coefficients involves the determi-
nation of exchange times between spatial regions which have
different spin relaxation rates. Exchange times may be
determined if the spin relaxation function can be resolved into
two (or more) components,® and if independent knowledge of the
relative spin populations or of the relaxation rates in the

16
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2. TANNER  Self-Diffusion in Colloidal Systems 17

isolated regions is available. If the dimensions of the regions
are also known, then the diffusion coefficients or the barrier
permeabilities may be calculated from the dimensions and the
exchange times. This method has recently been applied to measure
intracrystalline diffusion of butane in zgoHtee and the
permeability of human red cells to water.

The other NMR method measures the loss of phase coherence
of a set of precessing nuclear spins due to their random motion
over a gradient in the magnetic field.®™'® This method (MFG-
NMR) is the subject of the present paper. Numerous applications
of this method to colloidal systems have been made in the past
decade. A part of this has been reviewed by Stejskal.'' The
emphasis here will be on more recent experimental results and
developments of methods.

The MFG-NMR Experiment

The magnetic-field-gradient, spin-echo experiment has been
well described in many places (see e.g. ref. 8-10); only an
outline will be given here. Briefly, the sample is placed in a
high magnetic field which creates a small net magnetization
among the nuclear and electronic spins present. A small
oscillating field of appropriate duration and magnitude ("90°")
at the resonance frequency of the nuclear spins of interest
(usually in the radio frequency, rf, range) rotates this magnet-
ization into a plane perpendicular to the static field, about
which it then precesses, producing a detectable signal. This
signal decays as the spins in their precession lose phase
coherence due to various energy transfer processes (time constant
Tz) and due to inhomogeneities in the magnetic field. Magnet-
ization reappears in the direction of the static field. The
time constant for this, T,, gives the upper limit of T,.

To the extent that the spins remain in place, the loss of
phase coherence due to field inhomogeneities can be reversed by
applying a second rf pulse of appropriate magnitude ("180°"),
which causes the spins to briefly regain phase coherence forming
an increased signal, the "spin echo". Any displacement of the
nuclear spins after the 180° pulse from their position before
the 180° pulse lessens this signal recovery, so that the spin
echo is attenuated. This attenuation of the echo can be
amplified by artificially increasing the magnetic field inhomo-
geneities already present, applying a (linear) field gradient.

In the earlier experiments, a steady field gradient was
applied8-® More recently it has become common to apply the
gradient in two pulses, one before and one after the 180° rf
pulse.'® For experimental reasons, a much larger gradient can
be applied in this manner, and thus lower diffusion coefficients
can be measured. If the pulses are short compared to their
separation, the diffusion time of the experiment is well defined
and is the pulse separation interval. This experiment is
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18 MAGNETIC RESONANCE

i1lustrated schematically in Figure 1(b).

For the shortest diffusion times, it is necessary to
multiply the effect by repeating the gradient pulses a number of
times before observing the echo. One means of doing this is to
apply trains of gradient pulses of alternating sign.'®

For the longest diffusion times, in cases where T,>>T_,
which is typical for colloidal systems, a three-rf pu]se
sequence, with observation of the "stimulated echo" is
advantageous.®'® These variations are also illustrated in
Figure 1.

Special methods have been developed to help overcome
problems associated with the short Tz of certain types of solid
systems. Pines and Shattuck'® have demonstrated the long Tz of
naturally abundant '>C in a plastic crystal, using a special rf
sequence designed to impart a high degree of spin magnetization
to these nuclei. As they imply, it should be possible to use
long enough gradient pulses so that the diffusion coefficient
can be measured.

Blinc and co-workers'®’'® have performed experiments in
which a Waugh-type rf sequence was combined with pulsed gradients,
with the object of measuring self diffusion of 1iquid crystals
1n nematic and smectic phases. This method is useful where

T,0>>To, where T,, is the rotating frame T,.
Where nuclel of the same type but belonging to different
molecular species contribute to the observed signal, the indi-
vidual signals may in pr1nc1pal be resolved by means of differ-
ences in the T, or T, spin relaxation times, by differences in 4
the chemical shifts ?using Fourier transformation of the echo),
or by differences in the diffusion coefficients themselves.
Naturally a higher initial signal strength is required so that
each component will be measurable, and to compensate for losses
in the resolution process.

Diffusion Time and Distance Ranges

With the best of presently developed magnetic-field-gradient
techniques, and with simple systems where only one component
contributes to the signal, it should be possible to measure
diffusion coefficients with at least 20% precision (and usually
better) over a range of diffusion times, 10™*<t <] seconds,
corresponding to root mean square (rms) d1ffus1on distances
between a few tenths of a micron and tens of microns.

The upper 1imit of diffusion times is determined primarily
by the T, and the concentration of the spins of interest, and by
the apparatus sensitivity, which determines the amount of relax-
ational signal decay that can be tolerated. The sensitivity can
usually be enhanced by time averaging. With high concentrations
of protons or fluorine nuclei, it is readily possible to make a
measurement at t, = 1.5 T,.
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2. TANNER  Self-Diffusion in Colloidal Systems 19

The lower limit of attainable diffusion times and distances
depends on the spin concentration, the diffusion coefficient,
and the T; relaxation time of the spins of interest, and on the
sensitivity of rf detection and amplification, and on the
magnitude, rise/fall times, and stability of the applied field
gradient. At the lowest attainable diffusion times with a given
apparatus, signal averaging generally can not be used. The
inevitable instability of the field gradient pulses at high
strength and close spacing requires monitoring of the individual
experiments.

We make a quantitative estimate of the lower limits as
follows: The diffusional echo attenuation, R, is given by

In R = v*DNg?6® (2 -6/3),

where v is the nuclear gyromagnetic ratio, D is the diffusion
coefficient, N is the number of gradient pulse pairs, and g, §,
and A are the magnitude, duration, and separation of the indi-
vidual gradient pulses as illustrated in Figure 1. Idealizing
the experiment, we imagine that the gradient at its maximum
value has negligible rise/fall times, and sufficient stability
to allow a reproducible echo. We fi11 the time between the 90°
rf pulse and the echo maximum (interval 2t) with a train of
gradient pulses of alternating signs, ignoring the usual need
for a millisecond or so of dead time before the 180° rf pulse
and before the echo. Specifically, we set 6§ = 4 = t/N. We
allow the largest value of t which will permit accurate measure-
ment of a signal attenuation of say 30%. This is usually t<T;.
Substituting in the above equation, the minimum possible
diffusion time is then

t, = 4-6/3 = 3.1 x 10°°(-1n R/l}r)'/“;
and the corresponding minimum diffusion distance is
Xy = 0-0078(-D n R/g*r)"/%.

We present calculated values of t, and x for a few typical
values of g, D, and * in Table I. As cah™Be seen, both from the
formulas and from the calculations, the lower limit of the
method is at about half a micron. Extensions below this by
increasing the available field gradient or by increasing
apparatus sensitivity, and thus the permissible value of t, are
small, and are obtained with considerable difficulty. Neverthe-
less, for the study of systems whose dimensions are near the
1imit, the improvements could be well worth the trouble.
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20 MAGNETIC RESONANCE

TABLE I. Minimum values of the diffusion time and rms displace-
ment for various diffusion coefficients and maximum gradient and
maximum rf pulse spacing.

D g T t X

cme/sec G/cm msec msgc Ems
107° 500 20 0.12 0.48
10~° 100 20 0.58 1.07
107° 500 20 0.65  0.09
10°° 500 5 0.23 0.68

Evaluation of Colloidal Parameters from Diffusion Information

The magnetic-field-gradient method obtains the self-
diffusion coefficient of the observed species directly and in as
few as two observations. It has the additional advantage that
the experimental diffusion distances are of the order of
colloidal dimensions, so that a change in the apparent diffusion
coefficient may be detected as the diffusion time is varied.'®
Figure 2 shows some typical geometries of colloidal systems.

One or more phases are divided into compartments by means of
various boundaries which may be permeable or impermeable to the
substance of interest. At short enough diffusion times most of
the molecules will not have contacted the boundaries, they
experience only a homogeneous medium, and their diffusion
coefficient will represent the "true" diffusion coefficient, Do,
for the pure phase in the absence of boundaries. At longer
diffusion times more of the molecules will have contacted the
boundaries. If these boundaries or the adjoining compartments
are not completely permeable, the measured diffusion coefficient
will appear to decrease. At long enough diffusion times the
apparent diffusion coefficient, Dw, will be a function of the
diffusion coefficients of the observed species in all of the
phases it penetrates, and of the permeability and geometry of
the barriers.

By making measurements over all or most of the range between
D, and D» and fitting the data to mathematical functions
appropriate to the known or suspected geometry of the system, it
is possible to extract quantitative information about the
dimensions and permeabilities of the barriers.

In practice, this is made difficult by the fact that mathe-
matical expressions for the diffusion coefficient as measured by
magnetic-field-gradient NMR, and valid over the entire relevant
range of diffusion times have been derived for only a few simple
cases, all involving impermeable boundaries, where the diffusion
coefficient D approaches zero as the diffusion time becomes
long. To the best of my knowledge, these cases are the
following: (1) parallel planar boundaries, an approximate
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pulse sequences suitable for diffusion measurements at (a) short,
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Figure 2. Geometries [or restricted diffusion as might be found in (a) a
layered mineral, (b) and (c) cells and emulsions, and (d) fibers
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22 MAGNETIC RESONANCE

treatment for use of a continuous field gradient,'®2° checked
numerically,®! also an exact treatment®2-22 for the limit
6<<Da/a® (see Figure 3); (2) spherical boupdaries, an approximate
treatment for a continuous field grad'ient,2 also extended to
gradient pulses of arbitrary width;** (3) cylindrical boundaries,
an approximate treatment,”” and (4) diffusion in a parabolic
potential, an exact treatment®® for the limit 6<<Da/a”. Here a
is the distance between barriers.

Some of these relationships have been tested using arti-
ficially constructed systems of simple geometry,>' —>°*® with
generally good agreement between experiment and theory.

In the 1imit of diffusion times long compared to the time
required to diffuse between the barriers there are exact treat-
ments for (12 diffusion within impermeable spherical
boundaries,?<:2® (2) diffusion within a continuous phase contain-
ing impermeable particles,®”’*® and (3) diffusion through
permeable planar barriers (see below).

For the case of permeable barriers, Cooper, et. al.,
propose expressing the diffusion coefficient at intermediate
diffusion times as an average of the diffusion coefficients at
the extremes of the time range, weighted according to the
fraction of molecules, p, which have been deflected by the
barriers, i.e.,

29

D=(1-p) Dy + p D,.

In the absence of an exact derivation for any geometry of
permeable barriers, this seems to be a reasonable approach.
They use the diffusion time, ta’ at the point where

D = (D, + D,)/2

to calculate a "characteristic length"

a= (ZDota)1/2,

which represents the distance between the barriers. It can be
seen that p(t) and hence the diffusion time at this point, as
well as the "characteristic length" thus calculated are a
function of barrier permeability as well as barrier spacing.
This is unsatisfactory; however, the dependence of calculated
barrier spacing on barrier permeability can be removed to first
order simply by calculating

a-= [2(Do-Dm)ta]1/2.

It seems probable that the barrier parameters evaluated
from diffusion data are not highly sensitive to subtle differ-
ences in the geometry assumed for the system. For instance,
mathematical relations pertaining to parallel planar barriers
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have been used to analyze diffusion data taken on biological
cells;®2/23 and the theory pertaining to diffusion near an
attractive center has been used to analyze data taken on
diffusion in pores of hydrated vermiculite.2®9.317 The calculated
cell or pore sizes were in semiquantitative agreement with
microscopic observations.

However, when a large distribution in barrier distances
exists it should be approximated with a reasonable functional
form. In a study of diffusion within emulsion droplets Packer
and Rees®? obtained a much better fit to their data by assuming
a log-normal distribution of droplet sizes than by the use of a
cruder distribution®2-23 containing just as many adjustable
parameters.

Examples

Now we show some examples of what has been done with the
MFG-NMR method and give a few comments as to what else might
have been learned from these or other systems using presently
available experimental and mathematical methods. The 1ist of
examples is not all-inclusive, but is intended to sample the
major areas where work has been done.

The first demonstration of a dependence of the diffusion
coefficient on diffusion time in a colloidal system was by
D. E. Woessner.'® He studied diffusion of water in a porous
sandstone of known porosity and pore size, diffusion of water in
an aqueous suspension of silica spheres of known size, and
diffusion of benzene in two rubber samples. For the sandstone
and the silica spheres, the diffusion coefficients extrapolated
to nearly the value for bulk water at zero diffusion time. A
dependence of the diffusion coefficient on the diffusion time
was observed for one of the rubber samples. For both rubber
samples the diffusion coefficient extrapolated to a value well
below that of bulk benzene. Woessner did not attempt to analyze
the form of the dependence of diffusion coefficient on diffusion
time to confirm the known barrier parameters.

Recently Lauffer®® has measured diffusion of water and n-
undecane in porous tetrafluoroethylene and in sandstone samples.
He assumed a log-normal distribution of pore sizes. Using
appropriate mathematical expressions to analyze the diffusion-
time dependence of the diffusion coefficient he obtained pore
sizes in semiquantitative agreement with results of optical
observations.

A considerable number of diffusion measurements by MFG-NMR
have been made on biological cells in recent years. In
materials such as commercial cake yeast 22,23 apzp]e flesh 22,2334
tobacco stem pith tissue, 22,23 red blood cells, =°-3®and rat
brain tissue® a marked dependence of the diffusion coefficient
on diffusion time has been demonstrated. In a few cases (apple,
tobacco pith) the diffusion coefficient seems to extrapolate to
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the value for bulk water at zero diffusion time, while in the
other cases it extrapolates to a value which is lower by a
factor of 2-4. In cases where the functional relation between D
and t, was analyzed,”~"*®'*%°% the calculated cell diameters
were in rough agreement with the known values. a5

As an example, recent results of the author and colleagues
on red cells are presented in Figure 4. The range of t, clearly
extends to the constant limiting values of the diffusion
coefficients (D, and D,) at short and long diffusion times (the
upward trend for t»1 sec is probably a systematic error due to
very low signal strength). The analysis in terms of membrane
permeability and cell dimensions is made difficult by the
complicated sample geometry--toroidal, disc-shaped cells
(2 um x 9 um) oriented at random.

As an attempt to get by with available theory, we use a
relation which applies to diffusion between parallel planes.

The midpoint of the decrease in diffusion coefficient (Figure 4)
is at approximately § msec, The midpoint in the upper curve of
Figure 3 is at 1og(I"D t/a”) = 0.1. Substituting, we obtain

a = 4 um, where D is interpreted as referring to D_-D_. This
value is reasonable, since a value larger than a s?mpTe geometric
average is expected. Using the formula 1/D, = 1/D, + 1/aP, we
obtain a value of P = 0.011 cm/sec for the outer membrane
permeability. This agrees reasonably well with P = 0,005, which
may be calculated from the data of Shporer and Civan, and the
values P = 0.005, 0.012 for tracer ggd osmotic measurements,
respectively, tabulated by Whittam.

By contrast, diffusion coefficients of waterhin m::c]e
tissue _general how only a weak dependence on the diffusion
t1‘me.Sz’gg’ag"l‘g’iao‘xo The outer cell membranes are widely
spaced and there are apparently no other significant barriers
within the cells, spaced at intervals within the accessible
range of experimental diffusion distances.

Diffusion coefficients of liquids and gases absorbed in a
number of minerals have been measured by MFG-NMR.

Kaerger and his colleagyes have made a number of studies of
water ' and several alkanes absorbed on several types of
zeolites. By measuring the apparent diffusion coefficient over
a wide range of temperature and with several different average
crystalite sizes, they have been able to distinguish diffusion
within the crystals from diffusion outside. In some cases,
where the apparent diffusion coefficient had a temperature
independent region they were able to verify the known crystal
size. They have produced evidence that the external diffusion
takes place on the surfaces of the crystals rather than in the
space between them; and they have deduced the energy of transfer
of molecules from within the crystals to the surface.

They have further shown that in the upper temperature range
where intercrystalline diffusion dominates, the diffusion
coefficient increases with increasing degree of adsorption (pore
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Figure 3. Impermeable, parallel planes. Theoretically calculated apparent

diffusion coefficient vs. reduced diffusion times, under the condition § < < Dé/a?
(Refs. 22, 23), for two values of ygsa.
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Figure 4. Measured diffusion coefficients of water in a sample of packed human red
cells at various values of the diffusion time, A — 8/3. The symbols 4- and Y indicate

the use of pulse sequence (a) and (c) respectively of Figure 1.
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filling factor). This is stated to be due to a proportionately
larger fraction of extracrystalline 1iquid. On the other hand,
they found that when intracrystalline diffusion dominates, the
diffusion coefficient decreases with increasing degree of
adsorption. This is analogous to the decrease in diffusion
coefficient with increasing pressure in a gas. It is also an
indication that there is not a large variability in the degree
of binding of alkane molecules on the various internal sites in
the zeolite crystal, in contrast to the situation with many
other adsorption systems.

Each of the above studies on zeolites was made at a single
value of the diffusion time. The authors did not attempt to
demonstrate inter- and intracrystalline diffusion simultaneously
by varying the diffusion time.

Boss and Stejskal3©.31 have studied diffusion of water in
single crystals of hydrated vermiculite. Vermiculite is a
layered alumino-silicate mineral which can be swollen by a
factor as much as x100 in a direction perpendicular to the
layers, by the use of a suitable solvent.

The authors found that parallel to the layers, most of the
water diffused at a rate about equal to that of bulk water. A
small amount of water diffusing more slowly was resolvable, but
could not be ascribed to any specific structural features.

Diffusion perpendicular to the layers was resolvable into a
fast, time-independent component and a slow time-dependent
component. On the basis of known structural information*® they
ascribed the fast component to water in macroscopic cracks, and
the slow component to water in microscopic pores consisting of
regions of buckling and dislocation of the layers. Pore sizes
calculated from the time dependence of the diffusion coefficients
were in semiquantitative agreement with sizes estimated from
previous work.45

Liquid-1iquid emulsions constitute another class of
colloidal systems which may be studied by MFG-NMR. Here there
are a continuous and a discontinuous phase. Each phase may
contain molecules whose diffusion coefficient is measurable. In
addition, there exists the possibility of measuring the
diffusion of the droplets of the discontinuous phase.

A 50/50 emulsion of octanol in water has been studied by
Tanner and Stejskal.??°*® The diffusion coefficient of each
phase extrapolated to the value for the bulk material at zero
diffusion time. The droplet size calculated from the time
dependence agreed semiquantitatively with microscope observa-
tions.

Packer and Rees®® measured diffusion of water in several
water-in-oil emulsions. The diffusion coefficients of water
extrapolated to zero diffusion time were within 20% of that of
bulk water. Their analysis showed that the assumption of a Tog-
normal distribution of droplet sizes gave a much better fit to
the data than the assumption of a single average size or of a
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three-size distribution.

Mo11 and Baldeschwieler*® measured the self-diffusion
coefficient of micg]]eszof dimethyldodecylamine oxide, obtaining
avalue D= 4 x 10~ cm°/sec. They were unable to observe
diffusion within the micelles. However, for dilute solutions of
droplets of ~0.5 um there exists a possibility of measuring
diffusion of the droplets and diffusion within the droplets at
the same time.

Metals must be dispersed into colloidal-size particles for
NMR studies so as to_allow penetratjon of the rf fjel
Emulsions of liquid *°Na,*” and of ALi and DL1,£4’18'99 in oil,
have been studied by the pulsed gradient NMR technique. The
measured apparent diffusion coefficients were corrected for the
restricting effects of the droplet boundaries by means of
appropriate formulas. The ratio of self diffusion coefficients
for the two isotopes of lithium was found to be smaller than the
ratio of their mutual diffuggon coefficients, which had been
measured by another method.

Polymeric systems would seem to offer the possibility of
measuring inhomogeneous diffusion by NMR since polymer molecules
are of colloidal size. In a dilute polymer solution, the
solvent molecules might experience a reduced diffusion co-
efficient within the polymer coil compared to outside it.
However, polymer segment densities are usually quite low even at
the center of polymer coils, and the decrease in segment density
occurs gradually, progressing outward from the center. This
would smear out any difference in diffusion coefficients which
occurs. Furthermore, reductions of solvent diffusion co-
efficients by moderate concentrations of dissolved polymers are
not large. For example, measurements of solvent diffusion in a
20% solution of high molecular weight polydimethylsiloxane
showed a reduction of the self-diffusiog1coeff1cient of only a
factor of two compared to pure solvent. In the much lower
segment densities inside a polymer coil in a dilute solution, it
would not be possible to resolve the difference of diffusion
coefficients inside and outside the polymer coils.

In more concentrated solutions, there would be even less
spatial variation of the polymer segment density, due to inter-
penetration of the polymer coils.

Another type of inhomogeneous diffusion would be that of
the polymer chain segments themselves. Over short distances
they move rapidly, but over longer distances their motion is
considerably slower due to their attachment to the rest of the
polymer molecuie. s

Polymers of molecular weight 100 have dimensions of a few
microns. Flexible polymers such as polyethyleneoxide or poly-
dimethylsiloxane have T, long enough to permit measurements of
the diffusion coefficients of the entire molecule.®® It is
probable that in favorable cases, the experimental diffusion
distance could be decreased below the dimensions of the polymer
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coil, where an increase in the apparent diffusion coefficient of
the polymer spins would be observed. However, it is doubtful
whether quantitative information of value could be resolved.

Vapors adsorbed on fibers present another tyge of colloidal
system where diffusion may be studied by MFG-NMR. ® Oriented
samples should show an anisotropy in the diffusion coefficient of
the adsorbed material, depending on the closeness of contact of
the fibers. The possibility of observing time-dependent
diffusion coefficients exists if the fiber diameters or the
spacing of bends in the fibers falls within the range of the
method as given above.

This work was supported by ONR Contract NOO01476WR60015.
Thanks are due to the Chemistry Department of Indiana University
for the use_of equipment to perform the measurements presented by
the author,®° and to Mr. Arthur Clouse and Mr. Robert Adleman for
assistance in setting it up.
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Measurement of Diffusional Water Permeability of Cell
Membranes Using NMR without Addition of

Paramagnetic Ions*

D. G. STOUT#

Department of Floriculture and Omamental Horticulture, Cornell University,
Ithaca, N. Y. 14853

R. M. COTTS
Laboratory of Atomic and Solid State Physics, Cornell University, Ithaca, N. Y. 14853

Conlon and Outhred1 have described a means for determining
the mean residence time and the diffusional water permeability
for water in a cell surrounded by a permeable membrane. They
measure the value of an NMR (nuclear magnetic resonance) spin
relaxation time of the mobile water as a function of concentra-
tion of paramagnetic impurities outside the cell. They used
Mnt+ ions. If the relaxation time of the extracellular water
can be made sufficiently small the Conlon-Outhred experiment can
be intrepreted with little difficulty, but, especially in bio-
logical systems, there is, as Conlon and Outhred point out, the
concern that the presence of Mn** concentrations in non-physio-
logical amount might perturb the cell membrane enough to alter
its water permeability and the mean residence time for intra-
cellular water molecules.

The experiment described belaw eliminates the need for
addition of paramagnetic salts in systems having small cells.
The extracellular water which must have relatively unrestricted
motion can have its transverse relaxation rate enhanced by ap-
plication of a pair of pulsed magnetic field gradients as is
done in NMR measurements of the self diffusion coefficient. The
intracellular water has, in small cell systems restricted
diffusion2 and responds with a relaxation rate that is less
enhanced. The amplitude of this "slow" component of the signal
decays with a rate partially determined by the mean residence
time.

Let Py and Py equal the fractions of mobile intracellular
and extracellular water, resrectively, with intrinsic trans-
verse relaxation rates (Tza— ) and (T b"l). We assume that
Tgq >> Tp and Tpy, >> T where Tp = ( /Dg), R is the measure
of the cell size, and Dy is the self diffusion coefficient of Py-
We also assume that gradients in the applied D.C. magnetic
field are negligible. Let T, equal the mean residence time for
water within the cell. If Tp > 1 then T, is determined by dif-
fusional water permeability, Py, of the cell membrane and
Ty < R/Pd with a proportionality constant the order of two and
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determined by cell shapes.

The two pulse spin echo experiment is done with a field
gradient G = (dH,/dZ) turned on for a time § immediately after
the /2 r.f. pulse and similarly after the 7 r.f. pulse a time
T later. For the water pp, the echo amplitude4

Mb o« pbexp[-yszszb(T - 6/3)1
where T equals the 1/2 - m rf pulse spacing and y is the nuclear
spin gyromagnetic ratio. For sufficiently large values of Gb
this component of the signal is much attenuated. For the water
fraction pg, the signal at T >> T (and for usgal operating
conditions T >> §), approaches a limiting form® which, due to
restricted motion of py, is independent of Dg.

Ma < exp[-y26262R2/5].

The strength of this component of the signal is proportional to
the fraction of the water pg which was inside the cell at the
time of the /2 rf pulse and which has neither relaxed due to
Tog Processes (negligible) or escaped the cell due to Fy. This
proportionality should be valid in the 1limit of large values of
G5 which "destroy'" phase coherence of water in the b region.
2222
Then M, ~ p M expl-(2t/71 ) ~ Y"G 8 R /5].

The experiment is done on a sample of cells in water with
cells sufficiently loosely packed that there are ample channels
for diffusion of extracellular water. The echo amplitude is
measured as a function of gradient strength G6 at various values
of fixed T. Since T >> Tp then Dy (1-5/3) >> (R2/5) and at suf-
ficiently large values of G5 only the signal from M, remains.
For each value of T, a straight line is fit to the plot of
n(Mg) vs. G262. The intercept of this line at (G6) = O is
equated to -(27/Tp) + fn(pgM;). From the set of intercepts the
value of T, is calculated.

The experiment was performed using Chlorella vulgaris var.
"virides" plant cells. These cells are spherical with radii
ranging from about 0.8 to 2.4 x 10'4 cm,

The value of Ty, excgeded 55 msec and since T = R2/D, =
1 msec (using Dg~ 1 x 10” cmz/sec), the condition Ty, >>
Tp was met. The growth solution had Ty, = 700 msec and the NMR
experiment was done in a packed cell sample of cells in their
growth solution.

The maximum values of G and § used were 173 G/cm and
1.7 msec. Sémilog graphs of echo height vs values of 125
(where G = ¢I) and ¢ = 9.7 (Gauss/cm.amp.) are shown in Fig. 1.
Extrapolations of each curve of Fig. 1 to (I8) = O were fit to
exp -(27/Ty) and a value T. = 25 + 2 msec is obtained if only
data for T > 10 msec (where T >> Tp) is utilized, see Fig. 2,
Since T >> Tps 8 valid measure of Py can be calculated. For
spherical ce11s3, Py = (R/3Ty) and using a mean radius of 1.6 x
10—4 cm, we find Pg = 2.1 +h10'3 cm/sec with the large uncertainty
due to the distribution of cell sizes.
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Figure 1. Echo signal amplitude in a pulsed field gradient spin echo
experiment on chlorella vs. (I8 for different values of + in a centrifuged

ells in their own growth solution. Except for data points at

sample (Zac
I8 = 0, data at low values of (I8) are not plotted. The solid curves are
straight line fits at large (I8) and which for » > 20 msec have had slopes

set equal to (v*C®R?/5) where C = (G/I).
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The decay time of the signal obtained by extrapolating back
to G = O differs from the value actually measured at G = 0. The
echo amplitude at G = O depends upon all the characteristics of
the two water populations pg,Pn, Tr,_T2as and Ty, in a manner
already described in the literature Y. The value extrapolated
to G§= O depends upon only the characteristics of intracellular
water. Fig. 2 shows semi-logarithmic plots of the G = 0 echo
amplitude data for Chlorella and the data obtained by extrapolat-
ing data for large values of (Gd) to G5=0. The G=0 data gives a
relaxation time of 46 msec which is considerably longer than the
relaxation time of the extrapolated data, 25 msec. The fact
that the G=0 data does not have a longer relaxation time is due
to a weak concentration of paramagnetic ions from the growth
solution on the outside of the Chlorella cells. These ions
reduce extracellular water relaxation times when cells are
packed together by centrifuging as they were in this experiment.
A detailed report on T3, T, and some diffusion constant measure-
ments in samples of Chlorella cells will be published elsewhere.
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Adsorption Phenomena in Zeolites as Studied by

Nuclear Magnetic Resonance

H. PFEIFER
Sektion Physik der Kark-Marx-Universitiat, DDR 701 Leipzig, Linnéstrasse 5

Introduction

Zeolites are porous crystals with a well-de-
Tined structure and a high specific surface area,
widely used in industry as molecular sieves, as
catalysts, and as ion exchangers. Their common
formula is

(ALOy)™ M* ($:0,), “

where M* denotes an exchgngeable cation which can
be also replaced by V2 Mct or ¥3 M-°*, and n is a
number greater or equal 1. The adsorption phenomena
to be discussed in this report are concerned with
molecules in the pores of a special "family" of
zeolites (faujasite group) to which belong the so-
called zeolites NaX and NaY generally denoted as
NaF. These synthetic zeolites, available as small
crystallites with a mean diameter between 1 and
100/um, have the same structure and dirfer ondy in
the’value of n. Their pore system accessible to
hydrocarbons, is a three-dimensional network of
nearly spherical cavities, commonly referred to

as supercages, each with a mean free diameter of
11.6 and connected tetrahedtally through windows
ot 8 - 9 diameter. Because each siiicon or
aluminjum ion of the zeolite lattice is surrounded
by four larger oxygens, the internal surfaces of
ideal crystals consist of oxygen, the onliy other
elements exposed to adsorbates being the ex-
changeable cations which are sodium ions in the
case of wal zeolites, some of these cations are

not accessible to nydrocarbons since they are
localized at sites sI and 5I' outside of the super-
cages, some are loczlized at the walls of the
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supercages opposite to the windows (sites SII)

and some could not be localized by X-ray measurements,
they are assumed, to be loosely oound (sites S3)

to the walls of the supercages between sites SII.

As was mentioned already it is possible to repiace

Na" by other cations, and since di- and especially
trivalent cations occupy first of all sites SI and
SI', the number of sodium ions per supercage can

be varied not only by n, but also through an ion
exchange. fxamples are given in Table I.

Tabie 1

Number of exchangeable cations in dehydrated
zeolites of faujasite type per ¥& unit cell
(corresponding to one supercages

Site | maximum| Nax Nay VaGeY70%/
number | n=1,37 n=2.6 n = 2.6

SI 2 1.2 0.7 1.5 Na§+

ST! 4 1.7 2.3 #1.5 ey

SII 4 3.2 3.3 0.5 Na

83 6 4.0 004 -

(non-

loc.)

X)NaCeY'/O is a NaY zeolite where 70 % of nat
has been repiaced by ue’t.

The physical state of adsorbed molecules de-
pends on the ratio of interwmolLecular interaction
energy o the energy of interaction between a mole-
cule and the surtace. according to Kiselev (1)
molecules and surfaces may be classified with regard
to their capacity for nonspecific and specific inter-
action. Nonspecific interaction is caused uainly by
dispersion forces and is present therefore in all
cases. Specific interaction may appear additionally
whenever electron density (e.g. W bonds of molecules)
or a positive charge (lla' in the case of Nal'
zeolites) is localized on the periphery between
the adsorbed molecules and the surface.

We have studied the physical state of cyclic
hydrocarbons, adsorbed in NaP zeolites where the
degree of specific interaction has been systematical-
ly varied through the number of I electrons per
molecule (cyclohexane, cyclohexene, cyclohexadiene,
benzene and toluene) and through the location and
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number of sodium ions at the walls of the super-
cages.

Adsorbed cyclohexane

Using various mixtures of cyclohexane and
deuterated cyclohexane it could be shown (2)
that the maonetlc interaction with paramagnetic
impurities of the zeolite (called proton electron
interaction) is controlllnv the proton relaxation
times (T and T.)of C.H,, adsorbed in a commercial
Na¥Y zeollte (VEs bhem?eﬂgmblnat Bittg feld, n =2.6)
These, garumagnetlc impurities are Fe ions located
at Al3% sites of the zeolite skeletomn, although an
even greater number is localized at sites SI or as
an iron oxide-like phase on the crystals (3).
The total concentration, determined optically corre-
sponds to about 500 ppm Ee 0, for this zeolite.
The tenperature dependence o% 1 and 12 has been
neasured at 16 iz between - 1400C and~+90°C ftor
pore filling factors ® = 0.16, 0.4, 0.7, and 0.88.
This quantity © is the ratio of the adsorbed amount
of cyclohexane to its maximum value wiich corre-
sponds to about four molecules per supercage.
In all cases the minimum of T, occured at the same
teuperature (-100°C¢) while the ratlo of 1, to Up at
this point increasea from about 2 to 4, and L'q
versus reciprocal absoiute temperature becomes
Ilatter with increasing coverase. Using Torrey's
model for translational motion (4) the following
formulae can be derived for this case (5)
where w; T, > 1 has been assumed

f’T__; = Kif %t[o(,wrt‘c) (2)

L= IR A+ folxom},

Here Wy and Wy are the Larmor frequencies of the
proton and paramagnetic ion respectively, K is a
constant proportional to the concentration

of paramagnetic ions, d denotes the minimum
Wistance between proton and ion,and T is the
correlation time tror the translational motion of the
adsorbed molecule:

T
E — 4
Z} AOa"f )

&l
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where
1
x = 2 (5)
ALd
The mean quadratic jump length <r2), the average

time T between two jumps and the diifusion constant
D are related by Einstein's equation

Kty = 6D, (6)
The function f, ( & ; Ly T ) is defined as
, 4 A
fenwit) =3 () fv(a- gom)
+[V(4+ ,u(l.(.vl.)"'l] E-M,W’) 21U 2
+ ’u.(/i - —Vé?TJT' eﬁzvmlfu } (vrT})
where y
&= Vg1 q) ®)
. -2
p=[A+(4+ &) wm)’] . O
A fitting procedure (6) yields X VY5 for © = 0.88,

and since for this value of &,at the minimum
of '1‘1 it is Wy T = 1.58, we have

- T = /_"._gi., (10)
T, =1 or

In contrast, for the lowest coverage (@ = 0.16)
it follows from the fitting procedure X —> 0.
Because in this case the minimum of '1‘1 occurs if
(A!I'C‘c= 1, so that we have
T A

Therefore T is about 16 ... 20 ns at =100°C and

does not depend on coverage within these limits.

The mean quadratic jump length of translational
motion however, decreases with increasing coverage
which is a direct hint for nonlocalized adsorption
of cyclohexane. In accordance with this, measure-
ments of proton relaxation in zeolites with different
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number of sodium ions (n = 1.37
revealed about the same correla%ion times

(7) and n = 1.%£§))

as in the above system (n = 2.6). Since these

zeolites are of high purity (only 2 ... 3 ppm

'e,0, in the case of n = 1.37) and the crystallites

ofzbgg diameter (15 o. 25£pm in the case of n =1.2)
e t

it was possible to determi

he intracrystalline

self-diffusion coefficient D by the pulsed fieid
gradient technique. he results are shown in

‘'able 2.

- Table 2
Self-diffusion coefficient of C

in NaX zeolites

H
at room temperature (DZO) and aétieation energy (ED)

g : 1:%7 D20 =7 10"6 cm2/s ED=(3.OIQ.2)%%%§7
2

I? - 102

© 0.25 | 0.27 | 0.45 | 0.66 | v.69 p0.75
Dzol?:m2/s] 5.5+107° |6.10~®(3.8:107%| 9-1077|9.10~ <1077

From equs. (10) and (11) and the observed activation
energy &, = (3.0 + 0.3) kcal/mole, the value of T
at room %emperature comes o be ~ 0.5 ns, so
that the rms jump ength‘l<r§> (ct. equ.(6)) and
“able 2)isabout 13 8,and less than 2 & for © = U.2
and 0.8 respectively. Summarized, cyclohexane
adsorbed in zeolites of raujasite type behaves like
an intracrystalline liquid: the molecules do not
Jjump between sites which are fixed in space.

The mean jump length during translational motion
decreases with increasing coverage as a consequence
of mutual hindrance, while the average time between

jumps does not change significantly.

Adsorbeu nonsaturated cyclic hydrocarbonsg

In 'able 3 the ratios of proton relaxation
times T, and T2 measured at the minima of T, for
various cyclic“hydrocarbons adsorbed in the same
commercial NaY zeolite (n=2.6) as above, are listed

)
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Table 3

T,/T, at the minimum of Tq, activation energy E
add gorrelatlon time TQ Ior various cyclic
?ydrocar?ons adsorbed in a commercial NaY zeolite
n=2.6

Cells  CeHg  Celip  [Cetqn
@ =0.2 | 1.8 1.8 1.8 2.1
© =0.8 | 1.8 1.9 1.9 4
E_fkcalJl| @ =0.2 .
e 3.4 + 0.3 3 + 0.3
moIe. 6 =O.8 } —
T [ns] | @ =0.2 |13 9.7 2.8 T =W2n0.25
< 1 104 €
at 20°c | e =0.8 | 50 8 9 T=T ~0.5

As can be seen, these ratios are close to the
theoretical value (1.83) for dominating proton
electron interaction and thermal motion
characterizea by a single correlation time Te (19).
Thererore we have

A+ (wr T)? .
T, o< T, < (12)

ana'Czcan be readily determined as a funct108 of T,

since T, has been measured between about -100°C and

+ 200°C '(9). The logarithm of T plotted versus

AT gives straight lines, so that an activation

energy B, can be defined which is listed in Table 2

together”with absolute values for T, at room

temperature. From these results the iollow1ng con-

clusions concerning non saturated cyclic hydrocarbons

adsorbed in NaY can be drawn:

(1) Even at high pore filling factors (6=0.8)
there is no distribution of correlation times:
The molecules are adsorbed at sites fixed in
space (localized adsorption). These adsorption
centres will be the sodium ions at sites SII
as we shall see later.

(ii) 4s a consequence of localized adsorption
Hyring's equation can be applied :
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= é? A exp (Ec/RT) (13)
z’\e#

where the initial state (partition functiog £)

corresponds to the molecule adsorbed on Na and

the activated state (partition function ft)

corresponds to the molecule during its jam from

one Na  to another. In accordance with this model

the energy of activation B  is less than the heat of

agsorption ((R =18 kcal/mol& for benzene). It does
not depend on the number of W electrons. The ob-

served increase of ZL from C.H,~ to C.H. must be
explained by a change of the grggxponeﬁtéal factor

and especially by a decrease of .,f4 since a

stronzer interaction always leadg tb a decrease in

the partition function. Correspondingly, we have an

increasing restriction of molecular mobility in

the activated state with increasing number of

W electrons.

(1ii) The increase of T, with increasing coverage is
also in accordance with equ.(13) because the
preexponential factor is proportional to u,
where u denotes the number of unoccupied
adsorption sites which can be reached from
the activated state: We can assume u~3 and
u€1 for @ = 0.2 and 0.8 respectively, since
there are about 4 adsorption centres per super-
cagey, and @ = 1 corresponds roughly to the
same number of molecules.

for a further check of this model we have measured
the proton relaxation times of toluene adsorbed on
the same zeolite. Although benzene and toluene
differ in their intermolecular interactions, as can
be seen from their quite different melting points

(+ 5.59C and ~-959°C respectively), molecular motion

in the adsorbed state should be simular, since it

is determined by the interaction between the ring

of the molecules and the sodium ions at sites SII.

This indeed has been observed: There is no

difference in proton relaxation times between

benzene and toluene trom about -20°C to +180°C (41).

In addition,this result states that the rotation

of the benzene molecule around its sixfold axis of

symmetry does not influence proton relaxation in

this temperature interval.

Te
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If benzene is adsorbed in a commercial nax
zeolite (VEB Chemiekombinat Bitterfeld, n = 1.8,
~500 ppm PFe,0,) the minimum of T, shifts to much
lower tempe@a ures (fig. 1) and %he ratio T,/T
increases slightly from 1.8 to about 2.4. Tﬂer -
tore the mobility of benzene molecules adsorbed in
NaX is much higher (at room temperatureT,~10 ns
in comparison to 50 ns in NaY) and a slight dis-
tribution of correlation times seems probable.

The much higher mobility of benzene molecules
adsorbedin NaX zeolite should be discussed in
connection with results for water where the
mobility does n o t depend on silicon to aluminium
ratio n of zeolites (12). Hor a pore filling

factor & = 0.8 there are about 24 water molecules
and only about 4 benzene molecules per supercage.
therefore in Na¥Y (n = 2.6) all aromatic molecules
will be strongly bound by specific interaction

to the localized sodium ions which are fixed at

the wall of the supercage (sites SII, ct. Tgble 1).
This explains the low mobility of these molecules.
In NaX zeolites (n = 1.8) however, sromatic mole-
cules will be bound to the nonlocalizable sodium
ions available here, since these are more exposed
than a* at sites SII and act as primary adsorgtion
centres (%21. So the high mobility in NaX can be
explained by translational and rotational motion of
aromatic molecule-sodium ion-~complexes. In agreement
with this, it was found recently (14) that with in-
creasing Si/Al-ratio (n) the mobiiITy decreases at
tirst, but remains constant above n = 2.43 where

all sodium ions are localized. Another model has
been proposed before (12), according to which the
difference in mobiiity 1s caused by different
electric fields in NaX and NaY zeolites. But this
model would predict a monotonous decrease of
mobility with increasing values of n opposite to

the experimental results.

In contrast to benzene, for water at higher
pore filling ractors (© 2, 0.5) the mobiiity of
adsorbed molecules does n o t depend on n, So
that the reduced mobility with respect to liquid
water cannot be caused by the sodium ions. This is
confirmed by two experimental findings: Firstly,
even in concentrated aqueous solutions of Nat the
mobility of water molecules is only slightly re-
duced and corresponds at room temperature to an
increase of correlation time from the free water
value 2.5 ps (16) to only about 5 ps (17) for a
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water molecule in the first coordination sphere of
a sodium ion. Secondly thne suall width of the dis-
tribution function for T, (14), (12) is equivalent
to the statement that the correlation time of a
water molecule adjacent to a sodium ion cannot be
very different from the correlation time of water
molecules surrounded by oxygen atoms belonging to
the wall of the supercage or to other water mole-
cules, because the experimentally determined half
width of the distribution function (for the distri-
bution parametcr B as defined in (18) it has been
found B £ 1) coirespondis to a ratio of coirelation
times of less than about 5.

Phis only small change in mobility of water
molecules caused by nat is due to the strong
water-water interaction (19) and therefore the
reduced mobility in the adsorbed state ( T =200 ps
at room temperature) must be a collective effect of
the rigid oxygen lattice of the zeolite which
stabilizes tne ensemble of water molecules in
front of it ("stabilization effect" (11)).

To show directly the iniluence of sodium ions
on the movility of benzene, measurements of proton
relaxation times in NaCeY 70 zeolite have been +
perfogmed, where through an exchange of 70 % Na
by Ce”* the number of sodium ions in the super-
cazes has been drastically reduced (cf. Table 1).
Although the minimum of T, is shifted to extreme
low temperatures (to less than -150°C (13))
this cannot be taken as a proof for a higher
mobility of the adsorbed benzene molecules, since
it is an artifact of nuclear magnetic relaxation
method. The values of the relaxation times are
significantlty gr e at e r than in Na¥ in
congrast to the usual etfect if paramagnetic ions
(Cedt) §£e introduced into a sample. The reason is
that Ce reduces by magnetic dipole interaction
the electron relaxation time_of the paramagnetic
impurities which control (Fe3* ions located at Al13*
sites of the zeolite skeleton) the proton relaxation
of adsorbed benzene to such a value that is becomes
shorter than the thermal co.relation time (1%).

Therefore a zeolite was prepared where the
very similar but d.i a magnetic La”’*, instead of
the paramagnetic Ce’* was introduced. ‘'he result,
shown in Fig. ‘1, is in tuil agreement with the
above model, since one observes that T¢ at room
temperature decreases from 50 ns for iNaY to 10 ns
or to «~ 5 ns, if nonlocalized sodium ions are
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Figure 1. Benzene, v = 30 MHz, § — 0.8; (O, NaY, n = 2.6; @, NaX, n =
1.8; X, NaLaY 74,n — 26
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introduced (i¥af) or if these and the localized
sodium ions are removed trou the supercaged

(NaLaY Y4). The broad distribution of correlation
times in the latter cuse which can be deduced from
the great value of T /T2 at the minimum of T, may
be due to a few tigh%ly bound benzene molecules
(e.g. at the few irat still ecupying sites SII)

and partly due to nonlocalized adsorption of the
major part of adsorbate (swall jump lengths during
the course of translational motiong.

Finally it shoulu be mentioned that the
benzene-sodium ion-complex suggested by these
measurements was studied also thecretically using
the cemiempirical quantum chemical CisDO/2 method
(20). trom energy minima of full potential curves
the optimum arrangement and stabiiization energy
coula ve obtained. The nost favourabie coariguration
has been rouna when the sodium ion is lying on the
sixfold axis of symmetry of the aromatic ring
(3.2 &), because in this case there is a good
possibiiity tor overlapying of the tree electron
orbitals of Na* with the @ orbitals of the auasorbed
molecules, anu an electron transfer w.s lound irom
the W system towara the cation. This moael of
benzene adsorption has been confirmed experimentally
(21)@nmr broad line technique, insofar, as the
independence of second moments of proton resonance
at 77 K on pore fillin,; tractors could be explained
only by a flat arrangement of benzene molecules in
front of sodium ions occupying sites SII.
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DMR Study of Soap-Water Interfaces

J. CHARVOLIN and B. MELY
Physique des Solides, Université Paris Sud, 91405 Orsay, France

Soap~-Water Interfaces

We shall deal with potassium soaps of formula
CH3—(CH ) - COK with n v 10. Owing to their amphiphi-
1i¢ character Such molecules agregate when put in pre-
sence of water and their polar heads determine interfa-
ces separating aqueous and paraffinic media . Ex-
tensive X-ray works on lyotropic liquid crystals have
shown the wide variety of possible interfaces (1l). As
illustrated on figure 1 a plane interface exists with
either ordered or disordered paraffinic medium but the
interface can also be cyclindrical or spherical in the
second case.

The well documented structural description of tho-
se systems is being completed now by a description of
their molecular dynamics through the use of magnetic
resonance techniques. We shall present some recent in-
formation about molecular behaviors on each side of the
interface, gained studying deuterons of deuterated mo-
lecules (DMR).

DMR Results

The search for well resolved spectra, not broade-
ned by the dipolar interactions between protons of or-
dinary protcnated molecules, led to the use of deutera-
ted ones(g). Deuteron spectra of D,0 and perdeuterated
potassium laurate (n = 10) in a lamellar L_ phase are
shown in figures 2 and 3 respectively. No Yine appears
at the centers of the spectra; i.e. the deuteron qua-
drupolar interactions are not totally averaged out.This
shows the anisotropic influence of the interface.Clear-
ly, in such structures, the interactions of water mole-
cules with soap polar heads can be viewed as anisotro-
pic states of adsorption and rotational isomerism of
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Figure 1. Schematic of a potassium soap-water lyo-
tropic liquid crystal
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Figure 2. DMR spectrum of D;O in a lamellar L. phase oLpotas-
sium laurate—water. The magnetic field is in the plane of the lamella.
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the chains around their C-C bonds cannot lead to iso-
tropic reorientations of their C-D bonds. Methylene and
methyl groups along a chain were identified assuming
that the smaller the splitting is,the further from the
polar head the group should be. This identification was
confirmed later on by DMR studies of selectively deute-
rated molecules (3)(4).

Anisotropic Behaviors

Water. No detailed microscopic description of
soap-water interactions has been presented yet. Many
variables can be expected to intervene : nature and
ionisation of the polar heads, density on the interface
chain behavior, temperature and water content.

In the phases with disordered chains temperature
and water content variations lead to simultaneous va-
riations of all other parameters through the modifica-
tion of the soap bilayer(l), systematic studies are
needed to treat every parameter as a unique variable(5).

In the L,phase with ordered chains the structure
of the soap bilayer does not change appreciably with
water content at constant temperature(6). The situation
is tben simpler tham in L_ ! chain behavior and density
do not vary, the state of the polar head can be assumed
constant in the studied hydration range, and the only
variable left is the water content. Variations of D,0
splitting with water content in the L, phase of potas-
sium stearate (n = 16) is shown in fifure 4. The split-
ting remains constant up to about 6 water molecules per
soap molecule, in the phase separation zone (L +crystal)
This shows that a minimum water content is neeged for
the L, phase to exist and the molecules are in aniso-
tropic¢ states of interaction with the soap polar heads.
When extra water molecules are added the splitting de-
creases as the inverse water content. Such a behavior
is typical of the averaging effect introduced by the
exchange of water molecules between constant interfa-
cial anisotropic states and isotropic ones of increa-
sing statistical weight in the center of the water la-
yer. Thus the range of the anisotropy in the aqueous
medium appears limited to a small number of molecules.

Chains. An interesting feature of the L_ laurate
spectrum in figure 3 is that 7 methylenes have about
the same behavior. For an isolated chain, fixed at one
end, this would be very odd for each segment is expec-
ted to have greater orientational freedom than the pre-
ceeding one. Obviously steric repulsions between neigh-
boring chains in bilayers have to be considered. As a
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Figure 3. DMR spectrum of deuterated soap molecules

in a lamellar L. phase of potassium laurate-water. The

magnetic field is in the plane of the lamella. Only half

the spectrum, which is symmetric around zero frequency,
is shown.

waler molecules per soap molecvle

30 132 85 6
! I T l
/——O—o'—"
3 | [+
—~ /
N
r o
X
N
A
= L
= 0 o Le 1+ P
0o,
b / Icrystql
o 1
o~
a8 |
o] 1 ! { ] | i
o] 0.01 001 0.0% 004 0.05

Inverse waler concenfrafion (weight Z)"

Figure 4. Variations o{ D, O splitting, as function of the inverse water
content, in lamellar L phases of potassium stearate—water

In Magnetic Resonance in Colloid and Interface Science; Resing, H., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1976.



52

MAGNETIC RESONANCE

dC,K-H20
06| (lamellar L)
05}
0.[' ~ ‘\:::\.\
NS
T SIS
N

der parameter

D orde

o0 O
g2
T TTT]
>

~

o

~N

p—

> @& o
O W W
Lo
- o
//.

&
O 004 | .
003 \
| i | 1 | N ! i H " 1
2 4 6 8 10 12

Carbon number

Figu ¢ 5. Variations of the CD bond order parameter
curves as the area A per polar head at the interface in-
creases in a lamellar L. phase of potassium laurate—water

In Magnetic Resonance in Colloid and Interface Science; Resing, H., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1976.



5. CHARVOLIN AND MELY Soap-Water Interfaces 53

matter of fact the degree of orientational order de-
pends upon the chain density at the interface,as shown
in figure 5. When the mean area A per chain at the in-
terface increases(increasing temperature or water con-
tent) the order parameters <3 cos?6-1> of the CD bonds
with respect to the bilayer normal decrease. The rate
of decrease is significantly smaller for the first
three methylene than for the others. This last result
reveals a stiffness effect in the vicinity of the in-
terface. The proximity of water limit the conformations
accessible to the first C-C bonds. At this point it is
worthwhile to notice that the influence of the natures
of the polar heads on the anchoring conditions may be
seen when comparing those results with these of (3) for
a ternary system. Whereas the order parameter of the
first methylene is significantly higher than that of
others in the K laurate-water system, they are about
the same in the decanol-Na decanoate-water system.

These considerations suggest to consider three
regions in a bilayer : an interfacial one where the
first chain segments are stiffened, then a region where
the segments get more disordered but are nevertheless
sterically constrained by neighboring molecules, final-
ly the disorder decreases rapidly in the central region
of the bilayer where the presence of chain ends removes
partially the steric constraints (4).

Conclusion

The very small variation of chain order in the
interfacial region, when important variations of the
mean area per polar head take place, let suppose that
water penetrates in between the polar heads and the
following three or four chain segments. Thus,all along
this discussion, the meaning of the term interface has
evoluated from that of a very limited zone where polar
heads and water interact to that of a more extended one
where soap and water intermingle. This is well known
in micellar studies where it has been shown that, in
the process of micelle formation, the hydration of the
methylene groups adjacent to the hydrophilic group is
retained (7).
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Introduction

Amphiphilic species such as detergent ions, 1lipids, soaps
and certain polar compounds dissolve in water to form simple mole-
cularly dispersed systems only at small concentrations, below
what is termed the critical micelle concentration. Micelles are
agglomerates ofthese amphiphilic compounds in modest number on
the order 10% or less in which the solution structure seeks to
minimize the hydrophobic/hydrophilic interactions by forming a
hydrophobic inner core in an aqueous medium with an interface be-
tween them. At much more concentrated levels of ampiphilic sub-
stances the micellar structure becomes liquid crystalline in
nature but the overall division into aqueous, and hydrophobic
compartments with a structured interface between them remains (1).
The nature of these liquid crystals, which can take several forms,
has been attributed to superstructure arrays which have been
studied in low angle x-ray scattering experiments (2).The con-
centration of interface area per unit volume is extremely high
and furthermore some mesophases are oriented by magnetic fields
(3). The completely oriented phases have advantages in magnetic
resonance studies because the anisotropic parts of the parameters
available become the dominant features of the spectrum which is
generally of high resolution quality. With modern nuclear magnet-
ic resonance (NMR) spectrometers almost all elements in the
periodic table become accessible by the same sensitivity enhance-
ment techniques available for more commonly studied low abundance
nuclei such as C-13 and variation of chemical elements involved
in lyotropic 1liquid crystals can be very wide, especially in the
counter ions which reside in the electrical double half layer.

It is evident therefore that the NMR technique can attack the
interface problem on a broad front, which includes both averaged
and dynamic information.

The anisotropic NMR parameters such as chemical shift,
pseudo-dipolar coupling, dipole-dipole coupling and nuclear quad-
rupole interaction energies all depend on the angular factor
%(3Cos?0~-1) where 8 is the angle between some vector or principal
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tensor component and the static magnetic field used in the NMR
spectrometer. This angular factor becomes partially averaged by
the anisotropic tumbling of the liquid crystalline component and
it is always non-zero in anisotropic fluids (4-6). The value

=1 <(3Cosze-l)> [1]

has been called the degree of orientation of the appropriate axis
with respect to the static magnetic field. It is an important
accessible quantity and gives a good indication of how highly
ordered an axis is and sometimes the direction of that order,
from the sign. (S, =+ 1 and S, = -% for perfect alignments).
The anisotropic tumbling of a molecule or ion 1s described by a

3 x 3 order matrix of 5 independent elements (4,5). Molecular or
ionic symmetry reduces the number of elements required to describe
the motion and with a three fold or more axis only one degree of
order parameter is required. The number of independent S axis
values required to describe the anisotropic motion of a rigid
molecule is thus related to molecular symmetry.

The new questions that may be posed concerning the interface
relate to processes at the molecular and ionic level. While it is
evident from previous studies that the interface region is the
most highly structured and that water plays an important role,
there has been no experimental work on the concentration distribu-
tion of ions in the electrical double layer (6). The distribution
of dissolved substances between hydrophobic and hydrophilic compart-
ments is also indicated by NMR measurements (7). There is a great
deal of heterogeneity of order between the water, interface and
hydrocarbon chain regions and component molecules or ions reveal
their location from the micro degrees of order of axes in them.
The ionic head groups and counter ions influence the hydrocarbon
chain motions. The present talk will seek to illustrate these
and other questions on the general interface problem.

Micro-Degrees of Order of Species in the Hydrophobic/Hydrophilic
Interface Systems

It is possible to prepare two types of lyotropic liquid
crystals, which orient in a magnetic field. We have designated
these phases as Type I and Type II, the first aligns with the
symmetry or director axis of the phase parallel to the magnetic
field and the second in a perpendicular manner (8). The degree of
orientation of phase components and small dissolved molecules has
been investigated in a wide range of chemical systems and re-
presentative results are listed in Table I (8-12). The degree of
orientation or order parameter S, is always referred to the
magnetic field direction in the ordered sample, but samples of
Type I and Type II differ in the direction of the phase director,
with respect to the applied field, as indicated above. For
comparison of the order parameters of ions, molecules or hydro-
carbon chain segments the longest local symmetry axis in the
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species is usually chosen in each case, and ranges of values are
given in Table I with respect to the magnetic field direction.
Since all S values arereferred to a long axis in the species with
respect to the magnetic field they may be compared in magnitude
as an indication, more or less, of perfect local order. The
water has clearly a low average local order, the experimental
values being the exchange averaged value for interface structure
water and the remotely located molecules in the aqueous compart-
ment.

The hydrocarbon segments near the head group and the -ND3+
head group are the most highly ordered regions of these oriented
lyotropic phases (13). The order parameter of long axes in ionms
varies a great deal from phase to phase, as also they do in polar
molecules. The more mobile constituents of the electrical double
half layer may or may not play an integral role in the highly
structured interface region between the hydrophobic and hydro-
philic compartments(6). In the case of the dimethylthallium ion,
which is positively charged, the degree of orientation of the G,
axis is very low in the cationic mesophase but almost two orders
of magnitude higher in the anionic phase. In both instances the
ion was added in about 2 weight % as the electrolyte dimethyl-
thallium nitrate (9,10). In these cases it is clear that in the
cationic phase the complex cation resides in a region relatively
remote from the interface, but in the anionic phase it is suffici-
ently ordered to suggest a role in forming the interface. Such
studies on one ion cannot give us a model of what is important
among the factors influencing structure at the interface, but the
studies must be extended as widely as possible, considering
different chemical structures.

Aromatic organic ions and related molecules also vary a great
deal in the degree of orientation of their long axes, though they
appear to be less sensitive to the sign of the charge on the inter-
face (9,10,14). Those aromatic organic ions, which are highly
water soluble seem to be less ordered along their para axes, while
those with a para substituent, which is hydrophobic, such as para
chlorobenzoic acid become as highly ordered in a direction
perpendicular to the interface as the first segment of the hydro-
phobic hydrocarbon chain. The results in Table I confirm the
influence of charge and hydrophobicity in the examples investigat-
ed. Insertion of organic ions and molecules in the hydrophobic
region influences their degree of orientation a great deal.

It is clear that such studies, as indicated in Table I, must
be broadened to include as many structural types as possible with-
in the regime that the lyotropic liquid crystalline regions can
be oriented in a magnetic field; such wide chemical flexibility
is evidently available to us.

Changes in the Phase Director with Respect to the Magnetic Field
The chemical nature of lyotropic liquid crystalline systems,
which can be oriented in magnetic fields, has been varied in our
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previous studies in several respects (7-14). The phases can be
binary mixtures of detergents and water, but often require the
addition of electrolyte in order to lower the viscosity and
facilitate the act of orientation (15). Mesophases of ternary
composition can include cationic, anionic and neutral amphiphiles
or mixtures of them with and without added electrolyte. The
experimenter has some control over the chemical nature of the head
group, which can be any of -OH, -NH,, —NH3+, -N(CH;) s+, -s0,~,
~C0,~ -COOH, etc. The charge density of the head groups per unit
area of interface is a useful experimental variable, but the
chemical nature of the head group and of counter ioms 1is also
evidently extremely important, though often ignored in model
theories. The hydrocarbon chain length 1s usually Cg, C1o or C;;
in phases which can be oriented near room temperature, though some
phases can be oriented at higher temperatures and cooled slowly to
remain oriented at room temperature with other chain lengths. The
counter ion can be any soluble simple or complex ion stable in
water between pH~0.5 and ~12. While some counter ions are
difficult to orient if they constitute 100% of the total counter
ions, they can often be introduced by substitution of less than 5%
of thetotal ionic detergent content, or as part of the added
electrolyte.

One important physical result of these chemical variations
is the fact that two types of mesophase emerge, a Type I with
the phase director parallel to the applied magnetic field and
Type II with the director perpendicular to the magnetic field (8).
The direction of this director with respect to the magnetic field
can be determined in the following manner. A typical NMR sample
tube 1s shaken well to randomise the mesophase before entering
the magnetic field and a spectrum recorded immediately of the
D,0, deuterium doublet, preferably, in the interests of speed of
execution, by giving a single pulse and transforming the free
induction decay to the frequency mode spectrum. A powder diagram
spectrum results. The sample is allowed to remain for a suffici-
ent time in the magnetic field to become homogeneously oriented.
At this point in time another deuterium NMR spectrum is recorded
and the sharp doublet observed may have twice the powder diagram
doublet splitting (Type I phase) or the same splitting (Type II
phase) (16). An example of the general behaviour of mesophases
is given in figure 1, for the binary system decylammonium
chloride/water and the ternary system with added electrolyte.

In binary mixtures between 35 and -49 weight
per cent water there 1s a mesophase which gives a
powder doublet, the splitting decreasing with added
water. This phase 1s viscous, not oriented in detectable
times at 28°C by the magnet and is probably a lamellar
type. Between Vv 49 and 52 weight per cent water two
phases separate, the upper one is clearly the lamellar
type phase, the powder spectrum having constant splitting
of the D20 doublet. A second phase separates and orilents
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Figure 1. The mesophase behavior of the binary system decylammonium chlo-
ride/D,0 with and without added NH,Cl electrolyte. The quadrupole splitting
in Hertz of the deuterium doublet is used as a monitor of the numbers and types
of mesophases. (a) and (b) refer to two possible Type II mesophases. The large
open circles refer to the lamellar and Type I phases. The larger filled circles to
the Type II phase which occurs without adding electrolyte. The small filled points
refer to phases to which a few wt % of ammonium chloride has been added.
These are Type I1.
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in the magnet to give a single crystal sharp doublet.

This second phase was shown to be type II with the
mesophase director perpendicular to the field. At

greater than " 52 weight per cent water another two

phase system occurs. The upper layer is birefringent

and the lower layer an isotropic phase. The upper

phase orients rapidly in the magnetic field. This

type II phase co-exists with an isotropic phase giving

a single deuterium peak at the center of the type II
doublet. The lamellar phase which appears in equilibrium
with the type II phase may be partly oriented by heating
the sample until it becomes isotropic then allowing it

to cool slowly in the magnet. A well oriented type II

and partly oriented lamellar phase occur after this treatment.
Addition of the electrolyte NH,Cl in a few weight per cent
completely changes the phase behavior. Only type II
mesophases are observed as illustrated in figure 1, but
there is a suggestion of two different type II phases

(a) and (b) as indicated in the figure.

In figure 2, the behavior of the equilibrium mixture
of lamellar type II and the second type II phase of
heating and cooling in the magnet is illustrated. There
are obviously different arrangements of super-structure
in type II mesophases and comparison between phases
of micro-degrees of order must be undertaken with some
care. Only when differences in degrees of order with
respect to the magnetic field direction differ by factors
greater than 2 or 3 can reliable comparative conclusions
be drawn. There is a lack of low angle x-ray diffraction
work on the oriented samples reported in our work.

Changes in Water Content of a Given Mesophase

Some mesophases which can be oriented sustain reasonably
large changes in water content without undergoing phase trans-—
itions. The effect of enlarging the volume of the water compart-
ments of phases can be studied by always preserving the mole
ratios of amphiphilic molecules and merely using different water
contents. A good example is the system 37 parts decylammonium
chloride, 4 parts ammonium chloride and 54 to 69 parts by weight
D20. The deuterium magnetic resonance spectrum of specifically
deuterated chain segments was monitored as a function of D20
content and the doublet separation in oriented samples is shown
in figure 3A.

The composition of the amphiphilic compartment was also vari-
ed by studying the corresponding deuterium doublets in specific-
ally deuterated chains for mesophases with compositions 0.197 gms
cholesterol, 1.11 gms dy-decylammonium chloride, 0.12 gms ammon-
ium chloride and 2.61 to 3.30 gms D20. These deuterium doublet
splittings versus water weight per cent are plotted in figure 3B.
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Figure 2. (A) The deuterium magnetic resonance spectrum of the equilibrium
mixture of lamellar and Type 1 mesophase from Figure 1 (49-52% D;O in binary
mixture) is shown. The superimposed powder pattern and single crystal spectrum
of the Type I persist after 12 hr in the spectrometer at 28°C. (B) Heating to an
isotropic medium and allowing it to cool slowly in the magnet causes both phases
to appear more highly ordered at 28°C, but the powder pattern spectrum of the
outer doublet partly persists. The phase leading initially to powder pattern spectra
appears to be Type I1.
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Figure 3. The deuterium quadrupole splittings for deuterium in hydrocarbon

chain segments for mesophases (Type I1) which differ only in water content. The

phases were acidified slightly to prevent rapid proton exchange from the —ND,*

group. (A) Without cholesterol content in hydrophobic compartment. (B) With

9.2 mole ratio detergent/cholesterol. Compositions are as in the text. C, indicates
ith carbon from the head group.
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The addition of water within one phase region leads to a
decrease in the average degree of orientation of the deuterium
principal electric field gradient for all components and segments
[D20 (figure 1) chain segments (figures 3A and 3B)]. The temp-
erature of the experiments was 31.3%0.1°C. The phases with add-
ed cholesterol require larger water contents in order to form the
desired mesophase. The deuterium electric field gradient tensor
has a principal axis approximately aligned with the C~D bond
direction and it is generally considered to have a small asymmetry
parameter n(0.15 or less) which is usually neglected to the order
of this discussion. The deuterium quadrupole couplings are pro-
portional to the order parameter along the C-D bonds. The effect
of the cholesterol is to increase the degree of order considerably
at all points in the hydrocarbon chains. This has been interpret-
ed as increasing the population of all trans chains (13). The
solid points in figure 3 correspond to a two phase region one of
which is isotropic (higher density).

The characteristic quantity, which is independent of water
content, provided counter ion and hydrophobic components are not
changed, is the ratio of the quadrupole couplings to each other
in partially oriented hydrocarbon segments. In figure 4 for a
number of phases, in which the water content only is varied at
constant temperature, the quadrupole splittings of the hydro-
carbon chain segments are plotted against the deuterium doublet
splittings of the -ND3t head groups. A strict linearity is ob-
served in all cases with zero intercept. The ratios are affected
by adding cholesterol as in figure 3B. Comparisons of the ratios
from results in 3A and 3B with and without cholesterol are; e.g.
(Avi/Av, ) = 2.325%+0.015 without and 2.42%#0.01 with cholesterol,
(Ave/Av ) = 1.215%0.02 without and 1.57%0.02 with cholesterol
(9.2 mo§2 % of hydrophobic components). These ratios are only
very slightly affected by temperature changes (19-50°C) at const-
ant composition. An example of this behaviour are the changes
[Avg/Avyp] = 1.26%0.01 at 21.7°C which linearly decreases to
1.10+0.01 at 45.4°C and [Av;o/Avyp] = 0.29%0.001 decreasing over
the same temperature range to 0.255%#0.003. Other ratios are in-
variant.

Dramatic changes in the ratios of quadrupole couplings do
occur if there 1s substitution of the counter ion. Phases pre-
pared with decylammonium tetrafluoroborate have ratios,
[Ave/Avyp] = 0.99420.008; [Av;/Avyp]l = 1.9720.05 and
[Ave Avig] 4.63+0.05. In decylammonium fluoride phases
[Avg Avio] = 4.46+0.01. The systematic dependence of these ratios
on the nature of the counter ion has already been published (17).

The fact that the ratios of the deuterium quadrupole coupl-
ings in the chain are independent of the water content is in-
dicative that the degree of order profile of the chain does not
change in a relative sense. If the first segment C-D falls in
Saxis value the last segment C-D has a corresponding change
in Saxis. This implies that since the degree of order profile
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Figure 5. The ratios of deuterium quadrupole coupling constants in specifically deu-
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ratio is affected by changes in the interface, such as a change
in counter ion, then the alteration of water concentration does
not alter the basic structure of the interface in the systems
studied, but merely changes the amount of local motion allowed
in the structure.

Degree of Order Profile as a Function of Head Group

Many lyotropic mesophases which are oriented by magnetic
fields, have two or more components in the hydrophobic compartment.
A typical example is the sodium decyl sulphate/decylalcohol/
H,0 or D,0/sodium sulphate system originally described by Flautt
and Lawson (3). In these phases both decanol with an -OH polar
head group and decylsulphate with -S0,~ head groups are co-
aligned in the hydrophobic compartment. By suitable specific
deuteration of both the decanol and decylsulphate ions it is
possible to assign the deuterium doublets from the Type II
mesophases and obtain the ratios of the deuterium quadrupole
couplings in phases where only water content is varied. Although
complete assignment of the 10 carbon chain in each case has not
been achieved because of the lengthy synthetic work needed,
enough of both chains were deuterated to get ratios [Avx/Av;q]
for each chain, where x = 1,2,3,4,8 and 9 for the decyl sulphate
ion and x = 1,2 and 9 for the decanol chain. In figure 5 these
ratios are plotted against the numerator carbon number in the
chain. It is quite clear from this result that the degree of
order profile, and thus detailed chain segment motions are de-
pendent on the head group. In the decylsulphate chain there is
evidence of alternation of order, while in decanol chains they
appear to have a more restricted motion near the -OH head group
relative to the decylsulphate chain. This could not be accounted
for by assuming that the -S0,” group itself constituted an
additional segment. That detailed chain motions of the hydro-
carbon region should be dependent on the chemical nature of the
head group, which in turn must influence local interface hydra-
tion and counter ion binding is not at all surprising when
demonstrated experimentally, but both bulk theories of the
interface and work in molecular biology exclusively ignores this
concept. The degree of order profile of the chains is likely to
become a means of accomplishing interface chemistry at the mole-
cular level using an NMR spectrometer and homogeneously oriented
lyomesophases.

Degree of Order Profile as a Function of Phase Type

A Type II phase described earlier of decylammonium chloride/
water /ammonium chloride sustains additions of cholesterol to form
orienting phases at higher water content (figure 3). At a mole
ratio per cent of cholesterol to detergent between 9 and 12, the
Type 11 phase passes over into one in which a powder pattern
deuterium doublet persists indefinitely in the spectrometer. By
plotting the ratios of deuterium quadrupole couplings versus mole
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ble, and in this case the geometry of the compartments changes drastically. The
hydrocarbon chain motions are not perturbed by the phase change.
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ratio per cent cholesterol it is possible to compare the degree
of order profile in Type II and the lamellar phases, which do not
orient. It 1s clear from figure 6 that the hydrocarbon chain
motions do not appear to depend on the phase type.

Abstract

Lyotropic mesophases oriented by a magnetic field can be
used as tools to study interface science by NMR methods. Aniso-
tropic parameters allow the study of internally divided aqueous,
interface and hydrophobic regions of these phases. The proton
dipole-dipole and deuterium quadrupole couplings measured in
various oriented phases are useful in probing local degrees of
order with respect to the magnetic field direction. The hetero-
geneity of local micro order of long axes in ions, molecules,
head groups and hydrocarbon chain segments is determined and
discussed. The order of ioms in the electrical double layer is
influenced by counter head group charges as well as the hydro-
phobicity of the ion and complex interface structure. The chemic~
al flexibility of the mesophases is outlined. Water content
changes affect the amount of motion in the interface but not the
type of interface motions and structure. The surface motion is
affected by counter ions and amphiphilic components. The degree
of order profile of chains with different head groups in the
same phase is quite distinct, but phase changes do not signific-
antly affect this profile.
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Table I. Degrees of Orientation of Components of Lyotropic
Liquid Crystals

Phase Species Axis Saxis

DA CH;0H c-0 +8x10~3
DS CH30H c-0 +6x10 3
DA CH3CO,™ c-C -6.5%x1073
DS CH,NH, "+ Cc-N -1.6x10"2
DS CH3SnCHs T C-Sn-C -1.4x10~2
DS D,0 0-D +1x10~3
DS D50 0-D Fox10-%"
DA CH,T1CH; C-T1-C +8x10™"
DS CH3T1CHs C-T1-C +7x10-2
DS 02N@-C02— para -2x10-2
DA ozn@cooa para -8x1072
DS ozn@coou para -4x1072
DA B~"N)-Co0H N-¥ +4x1072
DA Cl@COOH para +0.2

DA -CD,~ first $+ 0.15

segment axis
DA —ND3+ first +0.17
segment axis
DS -CD,- first +0.14

segment axis

All the phases are classified as type II except+, which is a

Type I. Degree of orientation for the first segment axis of the
chain refers to the direction of a hypothetical all trans chain,
which aligns perpendicular to the interface. This segment (cont.)
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axis is approximately represented by the line joining the bi-
sectors of the C;~N and C;-C»> bonds or the C;-C» and C»-C3; bonds.
The S value of the -ND;+ head group is corrected for rotation of
the moeity about the -C-N bond. DA and DS represent phases based
on the detergent cation decylammonium or the detergent anion
decylsulphate respectively. All phases are about 90 mole % water
and the balance detergent, alcohol and added electrolyte. In
some cases as a consequence of the analysis the sign of § is
known. The temperature of the measurements was 31%*1°C and the S
values correspond to mid-range compositions with a *30% change
with composition.
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Quadrupolar Echo Deuteron Magnetic Resonance
Spectroscopy in Ordered Hydrocarbon Chains*
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Phospholipid hydrocarbon chain fluidity and the liquid cry-
stalline nature of the bilayer play an important role in the act-
ivity of biological membranes [1]. The molecular dynamics in
these systems can be described by the order parameters S; and the
correlation times 14 for the different positions on the hydro-
carbon chains. The S provide a convenient measure of the mean
square amplitudes of the motion while the T4 give the time scales
over which these motions occur. Since the molecular motions in
liquid crystalline systems are anisotropic, in contrast to those
in ordinary liquids, the static electric-quadrupole and magnetic-
dipole interactions are not completely averaged out [2]. The
residual quadrupolar or dipolar splittings in the nuclear
magnetic resonance spectrum are easily measurable and can be
directly related to the order parameters Sj. Relaxation time
measurements can be used to determine the correlation times T4
when the motions occur at frequencies less than or of the order
of the Larmor frequency wg. NMR, then, is well suited to the
study of the molecular dynamics of these systems.

The proton is, of course, the obvious nucleus to choose in
an NMR study of these systems. However, since the dipolar
interaction between protons along the chain produces a line
broadening of roughly the same magnitude as the line splitting
due to the nearest neighbour dipolar interactions, one normally
observes a single broad absorption peak [3] and it is difficult
to extract detailed information on the protons at different
positions along the chain. The deuteron is uniquely suitable
for studies of Sy since its quadrupole moment leads to a split-
ting which, in most cases, is much larger than the linewidths

*Research supported by the National Research Council of Canada
and a special Killam—Canada Council Interdisciplinary Grant.
*%Permanent address: Department of Physics, University of Guelph,
Guelph, Ontario, Canada N1G 2Wl.
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due to dipolar interactions between deuterons or to field inhomo-
geneitlies. Deuterium is readily available and may be freely
substituted for the hydrogen in these molecules without drastic-
ally altering the dynamics of the system. Since the degree of
motion experienced by inequivalent deuterons 1s frequently quite
different, the splittings, which depend on the amount of motional
averaging, will differ and, in some cases, even in a system with
many different deuteron sites, the individual lines may be
resolved.

There are some experimental difficulties in doing deuterium
magnetic resonance, however. Foremost among these are the
problems in the chemical preparation of selectively deuterated
samples. The preparation of perdeuterated samples is often
significantly easier and, if the individual lines are well
resolved, the use of these samples can provide very significant
savings in time since all of the positions along the chain can
be studied at once. Further, the absence of protons with their
relatively large magnetic moments sharpens the lines considerably.

Another difficulty arises from the orientation dependence of
the splittings. In many systems of biological interest, it is
impossible to use oriented samples, so that information on the
splittings must come from the study of unoriented samples. The
resulting powder pattern spreads the signal intensity over a wide
range. In principle, the study of such powder spectra does offer
some advantages, however, providing that the broad spectra can
be faithfully reproduced, since a single spectrum can give infor-
mation on all orientations at once.

The instrumental difficulties encountered are due to the fact
that in conventional electromagnets the maximum deuteron resonance
frequency is about 15 MHz. This low frequency results in relat-
ively poor signal-to-noise, necessitating the use of extensive
signal averaging, in some cases requiring very long time to
obtain a good spectrum. Often the deuterium powder spectra are
very broad (up to ~ 100 - 200 kHz) implying that much of the
information is contained in the very early part of the free-
induction-decay. Since the dead-time of most spectrometers
operating in this frequency range is many tens of microseconds,
much of the information about these broad components is lost and
cannot be faithfully reproduced.

The usual application of pulsed Fourier transform spectro-
scopy involves the accumulation of the free-induction-decay (fid)
following a single m/2 pulse applied at a frequency w close to
the sample's resonant frequency wy. The Fourier transform of
this fid gives the frequency spectrum of the sample. This
technique can, of course, be applied to a quadrupolar system,
such as a deuterated sample. The quadrupolar spectrum of a
given deuteron (I=1) is a doublet with lines at w, * 2. For
W = wy, the fid of a collection of isolated deuteron spins having
quadrupolar interactions is given by
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Fl(t) = J g(2)costdQ. (1)
0

The distribution function g(R) for the deuteron quadrupolar fre-
quencies in an anisotropic liquid crystalline system is obtained
by summing over splitting frequencies corresponding to all non-
equivalent deuteron positions i=1,2,...,N, and over the frequen-
cles associated with the distributed of angles 8 between the
external magnetic field and the constraint vector or director
determined by the symmetry properties of the oriented fluid.

2
_3 3cos 8-1
9,0) =7 ks, | =1 (2)

where Ki = ezqu/ﬂ is the quadrupole coupling constant for the
i'th deuteron and the order parameter Si is given by the
ensemble average

Si = %(3cosz<§>i—l) 3)

involving the angle (E\i between the axis of symmetry of the
electric field gradient [4], i.e. the c-D(1) bond direction*#*,
and the director. For lamellar phases of the type studied here,
the director is perpendicular to the planes of the lamellae.
Since Ky = K= 27 x 1.7x10° s™1 for all the methylene
deuterons [6] and S; £ 0.25 in the lamellar phases of soap
solutions [7] and model phospholipid bilayer membranes [8],
F1(t) decays appreciably in a time of order (Qi)'l = 40 us
leading to some of the experimental problems described above.
Now, suppose that a second pulse which rotates the magnet-
ization by an angle 6 and having r-f phase ¢ with respect to
the first pulse is applied at a time T after the first pulse.
A "quadrupole spin-echo" occurs at t = 21 due to the refocussing
of the nuclear magnetization [9]. This echo is maximum when
8 =n/2 and ¢ = n/2. Indeed, the refocussing is complete under
these conditions, aside from effects of relaxation and static
magnetic field inhomogeneities, so that one can write the
expression for the nuclear induction signal in the region t = T
as

F, (t) ={ J g(Q)cos[Q(t:-ZT)]dQ} R(t) (4)
o}

*%% The appropriate formula for S; taking into account that the
electric field gradient tensor is not quite axially symmetric
about the C-D bond is given elsewhere [5].
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where R(t) represents the loss of transverse magnetization due
to relaxation. Since the relaxation effects are produced
primarily by magnetic dipolar interactions, which are much weaker
than quadrupolar interactions for deuterons, or by very low
frequency components of the fluctuating part of the quadru-
polar interactions, which are also usually much less effective
than the dephasing effects of the distribution g(Q) of static,
local, quadrupolar frequencies for the anisotropic systems
discussed here, it is usually possible to select a value of
1 which is much greater than the recovery time of a reasonably
good r-f amplifier, but much less than the transverse relax-
ation time Ty. Under these conditioms, it is possible to obtain
a faithful reproduction of the spectrum by calculating the
Fourier Transform of Fp(t) starting at t = 21.

It should be noticed that if the transverse relaxation
time of the i'th deuteron is given by Tpy, i.e. Rj(t) =
exp(-t/T24), the powder pattern lineshape is given by

N ni ™ 1
g(R) = A Z —_ I sind B——z+ [{Hﬂi(o)
i=1 T, T,
-1 -1
2. \J2 2
Ty

where niy is the number of deuterons having index i and A is a
normalization constant. This spectrum consists of a super-
position of N broad absorption curves, each with two sharp
edges separated by a frequency Avi = Q4(0)/27 = 3K;8;/(8m)
corresponding to the #m/2 orientations.

Figure 1l-a shows the quadrupolar echo observed in a
solution of 70% (by weight) perdeuterated potassium palmitate
(CD3(CD2)14CO0K)T — 30% Hp0 at 100°C. The first pulse rotates
the equilibrium magnetization by 7/2 and is followed by the
free-induction-decay. A time t1 later the second pulse, also
a 7/2 pulse which is phase shifted by m/2 radians, is applied.
At 27 the magnetization has refocussed and the entire signal
is observed (notice that the very sharp spike seen at t = 2t
in the echo has been lost from the fid due to the spectrometer
dead time). The echo shown in the figure, the result of 200
scans, when transformed gives the spectrum shown in Figure 1-b.

t Palmitic-d4; acid and 8, y~-di(palmitoyld-d3;) - L-a-Lecithin
were prepared according to published procedures [11,12].
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{a)

2 msec
R

(b)

5 kK2
—_—

(c)
Figure 1. (a) The quadrupolar echo in the lamellar phase
of KP-d,, at T — 100°C occurring at t — 21, where r —
400 psec, from 200 scans with a dwell time of 10 usec.
(b) The spectrum obtained from the Fourier transform of
the quadrupolar echo. Spectral width is 50 kHz. (c) Com-
puter simulation of the spectrum shown in b using Eq. (5).

[

Even though the spectrum is very broad and consists of a large
number of overlapping powder patterns, 14 of the 15 possible
peaks are clearly resolved and the baseline is flat. By
carefully setting the phases of the two pulses and by starting
the digitization of the signal at the exact center of the

echo no phase adjustments need to be made on the transformed
spectrum. Since the spectrum is symmetric about w, the rf
pulses are applied at this frequency causing the two halves

of the spectrum to be superimposed resulting in a V2 improvement
in signal-to-noise ratio.

Figure l-c is a computer simulation of this spectrum from
a superposition of 15 powder patterns with lineshapes given
by Equation (5). This simulation gives a fairly accurate
representation of the spectrum leading one to believe that,
even when many of the lines overlap, an accurate characterization
of the order parametersis possible.

From such a clearly defined spectrum, one can confidently
obtain the splittings Avy as a function of position on the
chain, as shown in Figure 2, and from these directly determine
the order parameters 5;. At lower temperatures the well
established "plateau' characteristic of the order parameters
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of these systems [4,7,8] is observed. However, the plateau

is wiped out at high temperatures. The obvious pairing of the
lines, as illustrated here, is a result of the "odd-even effect"
[10]. A more detailed description of the temperature dependence
of the order parameters is in progress and will be reported
elsewhere.

An example of a situation where the lines are not clearly
resolved is shown in Figure 3. This spectrum is for a 250 mg
sample of chain-deuterated di-palitoyl phosphatidyl choline at
50°C. Since there are two chains in this molecule which are
not necessarily undergoing the same motions, as many as 30
overlapping powder pattern spectra can be expected from this
sample. In order to faithfully reproduce this spectrum it is
important that no information be lost due to spectrometer
dead-time. Figure 3-a shows the spectrum as obtained by
transforming the quadrupolar echo after accumulating 4000 scans.
Figure 3-b illustrates the effect of the loss of the initial
part of the fid due to dead time. Here 4000 scans of the fid
were accumulated with a dead time of 50 pusec at 13.815 MHz
with a spectral width of 50 kHz. The spectrum obtained from
the transform, as given in Fig. 3-b, is severly distorted. The
first-order phase correction which should be apglied tg the
spectrum is simply (dead time/dwell time) x 180" = 900, and
no zeroth order phase correction is required. If the first
five points in the echo used for Figure 3~a are dropped, to
correspond to a dead time of 50 usec, and the transform is
carried out, as well as the same first order phase correction
(900°) as applied to the fid's spectrum, the spectrum appears
as in Figure 3-c. As expected, Figures 3-b,c are nearly
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Figure 3. (a) The spectrum for DPL-
ds: at T — 50° obtained from the quad-
rupolar echo after accumulation of 4,000
scans (spectral width of 50 kHz), show-
ing several resolved lines as well as the
characteristic plateau. The scale has
been expanded by a factor of four in the
base line region to illustrate the shoulder,
the signal-to-noise ratio, and the flat base
line. (b) The spectrum obtained under
the same conditions as in (a) but using
the fid with a dead time of 50 usec, prop-
erly phase corrected. (c) The same spec-
trum, obtained by discarding the first
five points in the quadrupolar echo
( dweﬁ time is 10 psec) and making the
same phase correction as in (b).
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identical. The distortion apparent in these spectra is a
reflection of the information lost during the spectrometer
dead time, and further adjustments of the phase knobs can
only give misleading results.

Because of the improvements in signal-to-noise and spectrum
fidelity a large variety of experiments which were previously
very time~consuming become quite manageable. Temperature
dependent studies of the quadrupolar splittings and relaxation
times in these systems are presently underway and will be
reported in the Symposium. An apparent relationship between
the temperature dependence of the hydrocarbon chain order
parameters and the water (Dj0) order parameters will be
discussed. Also, the variation of the relaxation times along
the chain indicates the influence of collective motions.

The application of this technique to natural membranes is
expected to be particularly rewarding.
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Self-Diftusion in Lyotropic Liquid Crystals Measured by
NMR
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ABSTRACT

The pulsed field gradient NMR technique has been used to
measure the self diffusion coefficients of all the components in
an aligned lamellar phase sample of 1lithium Berflgoro—octanoate.
Water diffusion coefficients were ~ 8 x 10 10 m?s™ 1 and
~ 6 x 10 10 m?s™! for diffusion parallel and perpendicular to the
1ipid bilayers at 320K. In the same temperature region the
comparable lithium diffusion coefficients were 3 x 10 11 m2g71
and 1.4 x 10 ! m?s" !, Perfluoro-octancate ion diffusion within
the bilayer was estimated to be 6 x 10712 w2571, assuming zero
diffusion perpendicular to the bilayer.

1. INTRODUCTION

Surfactants with perfluoroalkyl chains are similar to hydro-
carbon surfactants in that they form micelles (1) and lyotropic
liquid crystals (2,3). The liquid crystals are good materials
for NMR studies since there is no possibility of overlap between
the water and alkyl chain signals. The lamellar liquid crystal-
line (l.c.) phase is often used as a model of biological membranes
In previous studies, a combination of neutron scattering and NMR
measurements have been used to measure water translational diffu-
sion across fluorinated 1ipid bilayers (4). The diffusion was
less than one order of magnitude lower than that observed for
normal water, and the anisotropy of diffusion was small. In
this paper measurements of all the constituents (water, counter-
ion and surfactant) of a lamellar phase are reported.

At 298K the system Lithium Perfluoro-octanoate (LiPFO) +
water forms a uni-axial viscous l.c. phase containing 69% - 76%
LiPFO (by wt) and this material melts in the range 303-13K to form
a lamellar phase (3).
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The viscous phase, originally thought to have the reversed
hexagonal structure (3), can be aligned with uni-axis perpendicu-
lar to the surface of microscope cover-slips by heat cycling through
the phase transition. In this way, samples with domains aligned
in the same direction can be prepared. The alignment is unaltered
by raising the temperature above the phase transition to the
lamellar phase. Thus large, single alignment, lamellar phase
samples can be prepared which give strong NMR signals for the
measurement of self diffusion coefficients (D).

In order to use the pulsed field gradient NMR technique for
measurements of D it is necessary to observe an echo with a
m/2-t-7 pulse interval of ~ 10ms. The residual dipole or quad-
rupole couplings that occur in liquid crystals (5) make this
impossible for powder samples, with the exception of the water
signal of HZO where the residual dipole coupling is usually
averaged by proton exchange. However, with counter-ions having
a quadrupole moment and non-integer spin quantum numbers an
echo is often observed due to the non shifted +1/2/-1/2 transi-
tion. In addition, in single alignment samples, echos modulated
by the ipprogriate splitting frequency can be observed (e.g. for
D,0, Li', Na ). So, for water and counter-ions, the pulsed field
gradient technique can be used to measure diffusion parallel (Dll)
and perpendicular (Dj) to the bilayer surfaces in the lamellar
phase. For the surfactant the situation is more complex. If a
single alignment sample is placed in the magnetic field at the
magic angle then the non-averaged dipolar couplings vanish, and
the resulting signal can be used for D measurements (6). Unless
a quadrature field gradient coil is available, the measurements
are restricted to one specific angle (7). These techniques have
been used for the measurements of self-diffusion coefficients
reported here., A single alignment lamellar phase sample of the
LiPFO/water system has been prepared, and, for the first time
measurements of self diffusion of all the components are reported.
In addition, this is the first report of the anisotropy of counter-
jon diffusion in a lamellar phase.

2. EXPERIMENTAL

Sample homogenization and materials were the same as those
described previously (2,3). The single alignment sample was
made from a mixture of 72% LiPFO (0.099 mol. fraction) and 287 water
(H O:DZO 9:1 by wt., see below). The mixture (v1/2g) was placed
in"a 7mm o.d. NMR tube and nine glass rectangles cut from micro-
scope cover-slips were added to form a series of parallel layers.
The tube was cycled through the phase transition ca. 100 times
over a period of 6 months. The degree of alignment was moni-
tored using the free induction decays after a /2 pulses of the
7Li and 2H resonances. The initial powder pattern was gradually
replaced by the modulated signal of the single alignment sample,
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until > 95% of the sample gave the modulated signal. No further
change was observed, and the 'non-aligned' material was thought
to be that adjacent to the wall of the NMR tube.

NMR measurements were made using a Bruker-Physik variable
frequency pulsed NMR spectrometer (B Kr 322s) operating at
60.0 Mhz (!H, !9F, n/2 pulse = 2 us), 35.0 Mhz (’Li, /2 =
6 us and 14.0 Mhz (%H, /2 = 10 us). The Bruker field gradient
unit (BKr - 300 - Z18) and variable temperature unit were used as
reported previously (4), with the exception that the amplitude
of the field gradient pulses was monitored using the Bruker pulsed
gated integrator and a digital volt meter. The instrument was
calibrated with distilled water for H,0 measurefents and 2.0M
lithium chloride and bromide solutions (for ‘Li measurements).
Because of the lack of a suitable standard for !°F measurements
both the above standards were used, and this gives rise to the
larger error for the fluorocarbon self diffusion coefficient.
Also, the maximum T, value observed for the !°F resonance was
10 ms. This is much less than T, and is probably due to the
presence of a small distribution of alignment directions (*0.5°)
in the ordered material.

3. RESULTS AND DISCUSSION

The pulsed field gradient method for measuring self-diffusion
coefficient consists of:

(i) The measurement of the echo height (ho) following a
n/2-t-m r.f. pulse sequence.

(i1) The application of equal field gradient (f.g.) pulses
between the 7/2 and 7 pulses and between the m-pulse and the
resulting echo, followed by measurement of the echo height (ht)'
The self-diffusion coefficient is given by Equation (1) (10).

h

In 5=-D y2%62 (-3 a)ci = -DL 1)
[}
where Y = gyromagnetic ratio
§ = duration of the f.g. pulses
A = time interval between f.g. pulses
G = amplitude of f.g. pulses

D can be obtained from a graph of In(h_/h_ ) against L, with
variation of 62,A or G_. 1In practice the agsoiute determination
of G, is tedious. Because of this, G, was determined in the
present study by using standards with known D values, and measure-
ments were made relative to these.
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In disperse systems, the phenomenon of "restricted diffusion"
often occurs (1l). For small homogeneous regions self-diffusion
can be fast, but the presence of impermeable barriers between
different regions can result in slow diffusion over large dis-
tances. This causes a non-linear dependence of ln(h_/h ) on
62, G2 and A. 1In the present system measurements were made over
the ranges h /ho = 0.02 - 1.0, A = 10-40ms for water, ht/h =
0.05 - 1.0, & =°10-90ms for lithium ioms, and h /h_ = 0.1-f.0,

A = 10ms for perfluoro-octanoate ions. In every c8se the
curves 1n ht/ho against L were linear.

Water Diffusion

Measured diffusion coefficients are listed in Table ]. The
values for water are considerably higher than those of Li ions
or perfluoro-octancate ions, and are of the same order of magni-
tude as values reported for lamellar phase samples containing
cesium and ammonium counter-ions (ﬁ). The anisotropy of water
diffusion is lower than that reported previously, when values
of D /D = 2 were obtained. However, the most surprising
feature of these results 1s the very high diffusion coefficient
for water translation perpendicular to the 1ipid bilayers. Two
explanations can be proposed for this:

(1) The water travels through defects in the bilayer surface,
or

(11) the bilayer is highly porous to water.

While neither explanation can be proven, a limitation on the type
of defect can be suggested. Since the anisotropy of water
diffusion is lower than that of 1lithium fon diffusion then a large
proportion (>50%) of the water transport must occur in regions
small enough to prevent diffusion of hydrated lithium iomns, i.e.
less than “0.5nm. Assuming a D value equal to that of pure water
for diffusion within defects, the surface area of the defects is
calculated to be “20% of the total bilayer area. Thus the
distance between adjacent defects must be “3nm. In a powder
lamellar phase sample the size of individual crystallites is

> 2 uym. (If the crystallites were smaller than this then
deuteron quadrupole splittings would be averaged to zero.) Thus
the defects referred to above cannot be those between individual
crystallites.

It is possible that the fast diffusion is due to the occurrence
of 'pores' within the bilayer surface through which water (and
lithium ions) can move. By comparison with similar lamellar
phase samples the water and fluorocarbon layers would be expected
to have thicknesses of v1.5 nm and 1.2 nm respectively. If
water penetrates one or two CF, groups along the chain from the
head groups, then the thickness of the bilayer zone is reduced
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Water

Li

Table X

MAGNETIC RESONANCE

Self-Diffusion Coefficients? of Water, Lithium Ions and
Perfluoro-Octanoate Ions in LiPFO Lamellar Phase

Temp

314.3
314.8

315.0
320.5
326.5

316
322
328

Perfluoro- 314.5
Octanoate 320

a)
b)

c)

326

Values accurate

-1
ms

at 296K) (9).

b b
Dy Dy
A(ms) T(ms) xlO-mst“1 xlOnlomzs_1 D /D
30.5 20.0 5.5
25.3 20.0 7.1 - ; 1.30
12.4 10.0 8.1 6.0 1.35
12.4 10.0 8.5 6.0 1.42
12.4 10.0 9.9 6.7 1.48
):10-1111!28'-1 xlO-llmzs_1
11.2 10.8 2.6 1.34 1.94
11.2 10.8 2.6 1.43 1.82
11.2 10.8 3.0 1.51 1.99
D(54.74°) Dy (calc)c
xlo—lzmzs-l xlo-lSmZS-l
10.4 10.0 5.2 7.8
10.4 10.0 6.0 9.0
10.4 10.0 6.8 10.2
to + 10% (water, Li+) and + 25% (PFO0).
Cglcylated from reference values of water (D = 2.3 x 10:?0
s_, at 296K) (8) and L1 in 2.0M LiCl. (D = 8.4 x 10
Subscripts refer to diffusion parallel (Dll) or perpendicu-

lar (Dy) to 1lipid bilayer.
Calculated assuming Dj = O after ref. 7.
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to V1.0nm. Because of the absence of hydrogen bonding to
neighboring molecules, water diffusion within the bilayer might
be expected to be more rapid than in pure water resulting in the
observed rapid diffusion.

Lithium Ion and Perfluoro-octancate Ion Diffusion

The slow lithium ion diffusion along the water layers com~
pared to that of aqueous lithium chloride is probably due to the
high degree of counter-ion binding that is thought to occur in
this system (3). The hydrated lithium fons spend most of the
time associated with surfactant head groups, perhaps occupying
the spaces between head groups. Their translational diffusion
along the water layers is then determined by that of the surfac-
tant ions. Diffusion perpendicular to the layers is due either
to the presence of pores or cracks on the bilayers as described
above. The low anisotropy of lithium ion diffusion may be due
to the strong association between head groups and counter-ions
giving rise to unusually low values of D} together with a
larger than expected value of D; because of the low value of the
bi-layer thickness.

The values of Dy 1listed in the table for PFO diffusion
should be regarded as upper limits since they were calculated
assuming that D), was zero. In view of the low anisotropy of
the water and Li diffusion this may not be valid. The values
listed are two orders of magnitude less than values reported for
potassium oleate (7) and potassium laurate (12) in lamellar phase
under similar conditions. Since the molecular weight dependence
of diffusion within the bilayer is expected to be rather small (7)
the difference between the two sets of values may be due to
differences in counter-ion binding between lithium and potassium
ions. The stronger counter-ion binding of lithium ions could
reduce the translational motion of the 1lipid. The D values for
PFO ions are similar to those reported for the zwitterionic lipid
lecithin from probe experiments (13). Further speculation on the
origin of the differences requires information on the dependence
of D on surface area and counter-ion.
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Structure of Water and Hydrogen Bonding on Clays
Studied by 7Li and 'H NMR

J. CONARD

Centre de Recherche sur les Solides &4 Organisation Cristalline Imparfaite,
45045 Orleans Cedex, France

Numerous papers (1...8) have been devoted to the study of
the structure of water in the interlamellar space of clays which
appear as negatively charged oxygen surfaces.

At low water content, a specific structure, characterized by
a typical 'H and 2D nuclear magnetic resonance and infrared spec-
tra has been reported. Hecht (2) has tried to obtain more infor-
mation about the organization of water around the Na compensating
cation in Montmorillonite and synthetic fluor phlogopite. Essen-
tially the three lines observed in the 'H spectra of water are o-
riginated from a single system, from the thermodynamic view point.
Because of the impossibility of observing the structure of the
23Na N.M.R. spectrum, a complete description of water arrangement
was impossible. The 1H spectra observed for O = 1 and 2 were jus-—
tified by a mixing of H3O+ and HoO systems.We were able to observe
the TLi signal of Li hectorite. The smaller quadrupolar constant
of Li allowed us to measure the electrical field gradient (E.F.G.)
at this nucleus. The lattice charge of hectorite is essentially
produced by octaedral isomorphic substitution and it has the advan-
tage of a low iron content.

EXPERIMENTAL

From 1y N.M.R. spectra (Fig 1) it follows :
- A steady bond seems to exist between LiT and 3 HpO since this
hydrate is stable under vacuum at room temperature. It corresponds
to half a monolayer, statistically speaking.
- A Pake's doublet, 2,7 G wide, seems to result from rotations
around two almost orthogonal axes.
- A central line, with an angular dependence for oriented films
{Kadi Hanifi) (9), has a relative intensity of about 7% in pow-
ders. As explained in (8) it shows the role of a magic angle bet-
ween Hy and the main axis of rotation A, of the whole ion, paral-
lel to the c axis of the lattice.
-~ The temperature dependence of the three lines, corrected for
Curie's law, appears as a combination of a thermally activated
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Figure 1. N MR 'H spectrum of Li hectorite dehydrated by SO;H,; d = 1.8, fo =

15.1 MHz. a) derivative of the dispersion T — 293°K; b) thermal variation of the

amplitude A of the line (the shape of the central line is invariant until it disappears).

The activation energy measured on this curve Log (A X T) = f(1/T) is growing to

values up to 40 kcal/mole when the A rotation stops at 190°K. This change is charac-
teristic of a cooperative phenomena.
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(>6,5 keal/mol) and of a temperature independent process as obser-

ved by Hecht in fluor phlogopite. The thermally activated contri-
bution vanishes at - 80°C.

From "Li N.M.R. spectra (Fig 2) we obtain :
— A well defined axial gradient, acting on (Li, results from the
electrical dipoles of the water molecules in (Li%*, 3 Hy0).
- A loss of symmetry or a distribution of E.F.G. strength occurs
between 0 and - 80°C.
- The very small values of the 'H dipolar local field is due to
the time averaging resulting from the rapid rotation of water mo-
lecules above - 80°C.

DISCUSSION

From theoretical considerations presented by Clementi (10-11)
it 1s known that free (Li+, 3 HQO) ion is essentially flat with
Li - 0=1,95 % 0,05 A at room temperature (Zacchariasen's rule
(12) would give also 1,95 A). The H-H vector is not perpendicular
to the plane of the ion in order to minimize the electrostatic
energy between H atoms of adjacent water molecules. Fig 3 shows
that it is easy to intercalate the (Li*, 3 H,0) Bsing the 2 R inter
layer spacing calculated by Farmer (7) for a Mg M trihydrate. We
point out that Mge* has almost the same radius (0,65/0,68 2.

To form three H bonds with the oxygens of the hexagonal cavi-
ty of the clay (8), we have to put along a straight line, one OH
of the water and the direction O,(water)-0, (clay).The coincidence
is good 1if each molecule of water rotates around an I axis choi-
ced as one of the two free spy orbitals of oxygen (instead  of
the symmetry axis of Ho0), put along the Li* - O direction. In ad-
dition, there is a favoured situation where a H bond is formed
with either two neigh-bouring oxygens of the hexagon. This corres-
ponds to a rotation of 60° around this I axis. The energy barrier
for this movement is 0,9 X wide. If we consider the two protons
of the same water molecule, we find for the bonding with one face
only, four possible orientations.

Combining the two faces, if possible, six orientations of wa-
ter molecules around the I axis could be obtained. In this case
one or two H bonds are formed. From a N.M.R. view point this cor-
responds to a free rotation.

Now its is possible to rotate by 73, the complete hydrated
ion, around the A axis, to obtain other eqyivalent positions. The
energy barrier for the protons is now 0,7 A wide only. Such a bar-
rier can be easily permeated by tunneling. However the rotation of
the hydrated ion needs a thermal activation corresponding to the
motion of the three water oxygens above the oxygens of the hexa-
gonal cavity. That seems to be the reason why the amplitude of the
'H line has a thermal variation combining a temperature indepen-
dant domain (at high temperature) and an activation energy >
6,5 kcal/mol between - 60° et - 80°C. Thermal activation and tun-
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2930K

Figure 2. N MR 7Li spectra of the same hectorite (H) and montmorillonite (M).
Fourier transform of the free precession at 34.9 MHz. A pure axial gradient, with-
out protons’ dipolar widening, is shown at room temperature. At 0°C some asym-
metry is shown while the mean gradient grows up because of the thermal contrac-
tion of the hydrate. At —80°C, the A rotation is stopped; no gradient can be
measured, but the dipolar field of protons is no more averaged and gives width to
the central line. In montmorillonite the width of the central line results from a
high iron content.
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neling of protons are simultaneously necessary and the slower step
is rate determining. At about - 60°C, where the two rates are equi-
valent, an order of magnitude for the average tunneling frequency
can be deduced : v = k T/2h = 3.12 x 10'%¢/sec. This value would
be compared with the correlation time indicated by Hecht with Na
for & = 1 : T, = 310713 exp (2470/T) sec,

the value (5.5107'3sec) obtained for water
in vermiculite by Olejnik (13) with neutrons and the reference
value for a free water molecule L4.310713 gec.

In summary, the trihydrated cation is fixed above the six
oxygens of the hexagonal cavity by three H-bonds in which the
three protons can be distributed among twelve equivalent positions
with respect to one face. Classicaly speaking, the positions occu-
pied by the H atoms are coupled by electrostatic repulsion. Howe-
ver, because of the widths of the barriers between the 12 wells,
as compared with the wavelength of thermal protons (v 0,5 R), the
three protons, bonding the hydrate, could be completely delocali-
zed by tunneling throughout the twelve sites. Nevertheless, this
delocalization is a cooperative phenomena since the three protons
cannot occupy the neighbouring wells at the same time.

The arguments in favor of this model are as follows :

1°) The width, intensity and anisotropy of the central line
are correctly explained as a result of the rotation of the trihy-
drate around its c axis (8).

2°) Thermal dependence supports the idea of a tunneling ef-
fect and it provides reasonable approximation for the tunneling
frequency.

3°) On the other hand if we assume that the central line is
completely originated from acidic fr?e protons, it is necessary,
to account for the intensity of the 'H line, to keep ionized, sta-
tistically speaking, about one half of the hydrated ions. This
would give electrical asymmetries in the ion, which are not compa-
tible with the E.F.G. measured by TLi. The proposed model, which
keeps symmetry thanks to delocalization of protons, appears as a
better solution.

L°) The bonding of Li* to three negatively charged oxygens
through three polarized water molecules, gives a net charge of
- 0,33 e on each 0 atom in agreement with values proposed by Ber-
nal for hydrated ions (14) and with the - 0,74 e obtained on 'H
in hydrated lithium by Clementi (11).

5°) We would discuss now a little more, the geometrical re-
Quirements.
a) Relatively to the Li-O(Hzo) axis, laying in the (ab) plane, we
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find for the angle a of the cone wich supports the OH bonds

a = 53° if we use as rotation axis, the electrical symmetry axis
of the water molecule and a = 70°30' if we use one of the two spj3
free orbitals of the water molecule. They would be compared with
@ = 82° of the O(Hp0) ~ O(1ayer) direction. Calculations from (11)
shows that the change in energy between a = 53° (E = - 83,346 eV)
and a = 82° (E =-83,328 eV) is only 18 m eV ie. 0,41 kcal/mol
which is small compared to the energy of H bonding.

b) The strains produced by the three H-bonding would give a ditri-
gonal deformation of the six oxygens of the hexagonal cavity (16);
keeping the three bonded oxygens out of the hexagon, of about

0,2 R, would give for the O(y,p) ~ O(layer)» the 70°30" direction.
¢) A shortening of the Li-0 bond of about 0,15 R wowld give about
the same result and Clementi describes for the length Li-0 a soft
Gaussian function of half width 0,5 R.

So a combination of these three effects permits an exact adjust-
ment of the geometry of the bonding.

6°) In the first model proposed, classical estimation of the
E.F.G. from the static value of electric dipole for water has gi-
ven a value locking somewhat exagerated (8). Using now the LiO
length 1,95 K, i.e. 2,24 & from the center of the dipole of water,
and a dipole moment 2,08 D.U. interpolated from (11), we obtain
e2q Q(1 - y=)2h = 89,5k Hz (Exp.S5Sk Hz) for the separation of the
triplet of TLi in powder hectorite with the hypotheses of 3 dipo-
les being in the a, b plane. But, may be, as noted in (12) the di-

Figure 3. Bonding between (Li*, 3H,0) and six hexagonal oxygen atoms
in hectorite. Top view: three molecules of water, centered at Oq, Op, Oy,
rotate around three 1 axes. Front view: the whole hydrated ion rotates
around a A axis. In this view we have represented an H bonding between
O. of H,O and O, of clay. The proton i is shared by tunneling in the OH
bond between"A and A’. But it can go from A to B through a barrier
0.7 A wide. As the proton | can also go in (AA’) and (BB’) there exists
four possibilities of H bonding over one face (for one water molecule).
The top view indicates that the whole ion could rotate around A, of n
/8, the protons of O, coming for instance in CC’ and DD'. The potential
barrier from B’ to C’ is now 0.7 A wide, but oxygen O, must overpass
O, with some thermal activation. The three protons are finally delocalized
throughout 24 wells (A, A’ . . . L, 1) which correspond to 12 possible
H bonds. If the two layers of clay are exactly superposed, six orienta-
tions are possible for the water molecule around an 1 axis, with one or
two H bonds with one or two layers. The long-time rearrangement pointed
out in (2)and 8) could be attributed to the relative ordering of the two
sheets. If true, the activation energy necessary to obtain a A& rotation
corresponds to a transitory opening of the two opposite hexagons of
oxygens.
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pole direction pointing toward *Li represents only a time average
situation. A rapid exchange between the two possible axis of rota-
tion along the two sp3 free orbitals of oxygen, tilts the dipole
by 36° with respect to the LiO direction. This is equivalent to

a = 60°. This exchange could occur till thefrequency of tunneling
of protons : the molecule overturns.

A shortening of the Li-0 distance ha3 a drastic effect on
the E.F.G. since it follows a 1/r® law. For instance, we obtain
for a shortening of 0,15 & as proposed in 5c, a TLi lines separa-
tion of 115k Hz. This corresponds to a tilt angle of the axis of
two water dipole, relative to Li-0O vector, of about T3°.

As a function of the water content we have some preliminary

lue (217 m sec at room temperature instead of 28 m sec for the
(Li*, 3 HQO) system) proves the E.F.G. to be small. Presumably the
Li ion is exactly at the center of the hexagon of oxygens.

For higher water contents The E.F.G. on Li decreases of a-
bout 20% and the T, grows up to 43 m sec in agreement with a qua-
drupolar relaxation mechanism. The 'H spectrum goes to a triplet
structure, narrowing with water content and looks like to result
from a triplet of protons in rotation. Among different possible
organizations for this second hydration shell, which could be flat
also between the layers, H bonding could be formed with the mole-
cules in the first shell, using the last unoccupied sp, orbital.
Thanks to tgnneling this seems to be possible and explains the mi-
xing of H30 and HoO0 groups noted by Hecht. A more detailed study
of this spectra is going on.

In Li montmorillonite, 'H spectra are widened by the presen-
ce of iron, but we did observe the same type of spectrum for Tui
with a lower intensity. This could result of a partial tetraedral
origin of the lattice charge.

CONCLUSION

For a small hydrated cation as lithium, in the interlamellar
space, the neutralization of the weakly electricdly charged oxygens
seems to use the flat trihydrate. Three H bonds give three local
charges of 0,33 e which are smeared out upon the six oxygens of
an hexagonal cavity. The geometry favours a tunneling of protons
throughout twelve possible sites for H-bonding. This delocaliza-
tion would have two main effects : 1) the reduction of the number
of independant coordinates, due to the high symmetry of the sys-
tem, would produce a stabilization of the cluster. 2) the equal
density of protons troughout the ring facilitates the output
(or the entrance) of one proton, exactly as it occurs for one elec
tron in aromatic ring. The defect (or excess) of charge is tempo-
rarily smeared out over all the sites. This situation conciliates
the known local acidity of these systems and the N.M.R. results
which show an axially symmetrical cluster of three water molecules
rotating around two orthogonal axis. In agreement with vertical
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begining of the isotherm this elementary cluster seems to be a
stable first step for the growing of water film.

ABSTRACT

Hydrated, Li balanced, powdered clays have been studied u-
sing 'H and TLi N.M.R, at low coverages. In hectorite the Li tri-
hydrate shows a it spectrum made of a Pake's doublet, 2.7G wide,
and a narrow central line of relative intensity 7%. These two com-
ponents disappear at 190°K. Doublet splitting in the TLi N.M.R.
spectra is a measure, through quadrupolar coupling, of the elec-
trical field gradient generated by three water molecules pointing
toward Li. The very narrow central line indicates the high speed
of rotation of water molecules.

Using theoretical model proposed by Clementi for hydrated Li
ions, it is possible to locate the trihydrated Li ion at the cen-
ter of the hexagonal cavity, the hydration water molecules being
H-bonded to three oxygen atoms of the lattice. On one face of the
sheet, twelve positions are possible for these three H.bonds, with
potential wells separated by barriers of 0,9 or Q7A width. Proton
tunnelingis therefore expected all over the hexagonal oxygen ring.

From the N.M.R. view point, the movement appears as the pro-
duct of two orthogonal rotations : the first one around the C axis
and the secund one around one of the free orbitals of water oxygen
atom. Between 293°K and 210°K a temperature indepen?ent region is
observed for the variation of the intensity of the 'H spectrum.
This supports the hypothesis for tunnelingand it explains simul-
taneously the high speed of the molecular rotation, the existence
of a central line and the acidic properties of clays.
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Orientation and Mobility of Hydrated Metal Ions in
Layer Lattice Silicates

T. J. PINNAVAIA
Department of Chemistry, Michigan State University, East Lansing, Mich. 48824

The swelling layer lattice silicates known as smectites
possess mica-like structures in which two-dimensional silicate
anions are separated by layers of hydrated cations. Unlike the
micas, however, the interlayer cations can be readily replaced
by simple ion-exchange methods with almost any desired cation,
including transition metals, organometallic, and carbonium ions.
In addition, the interlayer space occupied by the exchange
cations can be swelled from zero to several hundred &, depending
on the nature of the interlayer cations, the charge density on
the silicate sheets, and the partial pressure of water in
equilibrium with the solid phase. Similar swelling over a more
limited range can be achieved by replacing the water molecules
with a variety of polar solvents such as alcohols and ketones.

Our interest in these naturally occurring minerals has
centered on their possible use as supports for homogeneous metal
ion catalysts (1,2). To achieve this objective it was essential
to determine the swelling conditions necessary to achieve the
solution-like properties in the intracrystal environment.

Earlier crystallographic studies have indicated that solvatiom
of the exchange cations by two molecular layers of water resulted
in a solid-like interlayer structure with the aquo complexes
adopting well defined orientations in the intracrystal space (3).
On the other hand, proton magnetic resonance studies (4-6)
suggest that when the interlayers are swelled to several hundred
units, the adsorbed water possesses appreciable solution-like
properties. Under these conditions, however, the minerals are
gel-like and are not especially well suited as solid supports for
a homogeneous catalyst.

We have undertaken electron spin resonance investigations of
the orientation and mobility of interlayer cations under
different degrees of swelling to determine the minimum interlayer
thickness necessary to achieve rapid tumbling of the exchange
cations and diffusion of small substrate molecules into the intra-
crystal environment. Copper(II) or manganese(II) exchange forms
of hectorite, montmorillonite and vermiculite have received
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greatest attention. Considerable information on the nature of
diamagnetic exchange forms has also been obtalned from the
effects which these cations have on the nature of the esr signals
of paramagnetic iron in orthorhombic environments in the silicate
sheet structure. The present discussion reviews only the
nature of the Cu2t and Mn2t exchange forms.

The idealized unit cell formulas and cation exchange capac-
ities of the minerals employed in these investigations are given
in Table I. Based on the experimental cation exchange capacities
and the theoretical surface areas (v 800 mz/g) the average dis-
tance between divalent exchange cations in the alr-dried minerals
varies from ~6 & (vermiculite) to 14 X (hectorite).

Hydrated Cu2t Minerals. When a copper(II) exchange form of
hectorite or montmorillonite is allowed to equilibrate in air
under ambient conditions the 001 spacing is 12.4 A, and the water
to copper ratio is approximately 8:1. Since the silicate lattice
¢ dimension is 9.6 3, the thickness of the interlayer region
(2.8§) indicates that the copper(II) ions are hydrated by a mono-
layer of water. The esr spectra of the Cu(II) ions under these
conditions are illustrated in Figure 1. Randomly oriented powder
samples at room temperature and at 77°K consist of clearly de-
fined gl and g]l components as expected for Cu(II) with tetrag-
onal symmetry. When the spectrum of an oriented sample is
recorded with the magnetic field direction parallel to the sili-
cate layers only the g| component is observed. On the other
hand, when the sample Ts oriented with the magnetic field perpen-
dicular to the silicate sheets, only the g component 1s obser-
ved. These results indicate that the intercalated Cu(H20)42+ ion
i1s oriented in the interlamellar region with the four-fold sym-
metry axis of the ion positioned perpendicular to the silicate
sheets. If water 1in outer spheres of coordination is removed by
heating the mineral to 110° the esr spectral features of the com-
plex remain unchanged. Thus the amount of outer sphere water
under conditions where a monolayer 1is being formed does not alter
the orientation of the ion. Although the average copper-copper
distances among the montmorilonites and hectorite differ, orien-
ted samples of each layer silicate show the same esr spectral
changes when the film is positioned parallel and perpendicular to
the applied magnetic field. In each case the magnitude of g!l
is greater than g| (see Table II).

Vermiculite “has a higher charge density than hectorite and
montmorillonite and is more difficult to dehydrate. However, a
monolayer of interlayer water for the Cu2t exchange form can be
achieved by dehydration of the mineral over P4015 at room temp-
erature, As in the case of hectorite and montmorillonite an
oriented sample of the mineral shows that the tetragonal cuZt ion
adopts a restricted orientation on the silicate sheet with the
symmetry axis perpendicular to the layers.

Vermiculite is well suited for obtaining two molecular lay-
ers of water In the interlamellar region because the high surface
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Figure 1. ESR spectra (X-band) for Cu(II) hectorite at room tem-

perature: (A) powder sample, (B) oriented sample with H, parallel

to silicate sheets, (C) oriented sample with H, perpendicular to
silicate sheets
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charge permits a maximum of only two layers of water when the
mineral is fully hydrated. The presence of two layers of water
in the interlamellar regions of an air dried sample of cu2t ver-
miculite 1s verified by observing x-ray reflections of several
rational orders that correspond to an 001 spacing of 14.2 k. The
esr spectrum of an oriented sample at room temperature consists
of gl and g| components when the silicate layers are positioned
both iatalle and perpendicular to the applied magnetic field.
The absence of an appreciable change in the relative intensities
of gll and g| indicates that the symmetry axis of the tetragonal
hexaaquo complex, Cu(H20)6 ,» 1s inclined with respect to the
silicate sheets at an angle near 45°. Also the Cult-water bonds
along the symmetry axis are longer than those in the X~Y plane of
the ion as g| $ is greater than g| (g| = 2.10, AH| = 45G; 8&& =
2.40 Afc = 115 cm~1l). Anisot opy—in the g factor of Cu(H,0)Z*
1s rarely observed at room temperature. Isotropic thermal
motions are normally sufficiently rapid above 50°K to give a
single esr line (17). Rapid intramolecular exchange can occur
between three equivalent Jahn-Teller distorted states which cor-
respond to axial elongation along the three possible sets of
water-copper-water axes (18). In absence of rapid tumbling this
motion will not lead to averaging of glL and g| when the ion 1s
adsorbed on a planar surface. It may concltuded therefore that
the interlayer ions adopt restricted orientations on the surface
even when the ion is hydrated by two molecular layers of water.
This result is consistent with the results of earlier x-ray dif-
fraction studies of layer lattice silicates:

under conditions of two layer hydration the interlayer water is
highly structured.

The g values for interlayer Cu(H20)6 are larger than
those found for the planar aquo complex, and the calculated
average values of g are in good agreement with the observed
values of 8av for Cu(II) in aqueous solution (19) and for
Cu(H20)62+at the exchange sites of resins (20-21).

As the relative humidity is increased from m approximately
40% to 100%, the CuZt exchange forms of hectorite
and montmorillonite undergo a continuous transition from a mono-
layer phase (dggy = 12.4 A) to a multimolecular interlayer water
phase (doOl = 20 Z)without forming a well defined intermediate
hydration state. However, the magnesium exchange formg of these
minerals exhibit an initial hydration state which is well ordered
with d001 = 15.0 &. Complete replacement of magnesium by copper
causes the interlayer to collapse from three molecular layers of
water to a single water layer. However, when copper 1is doped
into magnesium hectorite at the 5% level, the 001 spacing remains
at 15.0 X under air dried conditionms.

The esr spectrum of Cu2t doped into the 15.0 3 phase of
magnesium hectorite exhibits g L(2.335) and 31(2.065) values,
respectively, for the magnetic field oriented perpendicular and
parallel to the silicate sheets. It may be concluded that the

In Magnetic Resonance in Colloid and Interface Science; Resing, H., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1976.



98

MAGNETIC RESONANCE

Figure 2. Orientations of intercalated aquo copper(I1) complexes formed

by hydration with one, two, and three molecular layers of water. Open

circles represent oxygen atoms of the silicate structure and ligand water
molecules.
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symmetry axis of the tetragonal Cu(H20)62+ ion is perpendicular

to the silicate sheets. The ion is not in a solution-like envi-
ronment insofar as dynamic Jahn-Teller distortions or rapid tum-
bling do not average the anisotropy or broaden the signal. Well
resolved Elitting of g](B/C=-0.0022 cm~l) as well as g||(A/C=

-0.0156 cm™*) is observed. Splitting of g is not well
resolved when the copper ions exclusively occupy an inner layer,
presumably because of Cu(II)-Cu(II) dipolar broadening.

The above spectral studies of Cu2t ions hydrated by 1, 2,
and 3 molecular layers of water indicate that the ions adopt
restricted orientations in the interlayer environment. The
restricted orientations are illustrated in Figure 2. The ions
are best described as being in a solid-like environment rather
than a solution-like environment. Under these conditions one
should not expect a catalytically active ion to be accessible
for reaction with substrate species diffusing from solution into
the interlayer region.

The anisotropic esr signal of Cu2t doped into magnesium
hectorite is lost upon solvation of the mineral in liquid water
or ethanol. Jahn-Teller distortion or random tumbling of the ion
in the expanded interlayers (dgg; v 20-22 A) averages the aniso-
tropy and relaxation due to modulation of the g tensor and spin
rotation interactions result in a broad signal analogous to that
observed for the ion in water or methanol solution. Hectorite
fully exchanged with cu2t and fully swelled by water to a dgg1
value of 22 A exhibits a single signal with a width near 120
gauss. These results suggest that when the interlayer region is
swelled to a thickness of 10-12 & the interlayer ions begin to
adopt solution-like properties. 1In order to more fully estimate
the tumbling motion of divalent ions in the restricted water
layers, an esr linewidth study of M2t exchange forms was under-
taken.

Hydrated Mn2t Minerals. It has been previously reported
that the linewidths of the hyperfine lines of hydrated Mn2t are
broader on the exchange sites of montmorillonite than in bulk
solution (22). The increase in line width was attributed to
relaxation effects of the more restricted surface adsorbed ions.
Also, Mn2t montmorillonite has been reported to exhibit broader
hyperfine lines when larger molecules (e.g. pyridine) replace
water in ligand positions (23,24). Again, the result was inter-
preted in terms of reduced mobility of the Mn2t ion. However, in
addition to mobility effects other factors such as dipolar relax-
ation can also contribute to the observed esr linewidths.

The esr spectrum of Mn2* in solution normally consists of 6
hyperfine lines due to coupling of the $=5/2 electron spin with
the I=5/2 nuclear spin. Each hyperfine component consists of 3
superimposed Lorentzian lines due to the five Amg=l transitions
which are not resolved at X-band frequencies. The nondegeneracy
of the Am =1 transitions leads to inhomogeneous line broadening.

s
The widths are the sum of two contributions: 1) solvent
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American Mineralogist

Figure 3. ESR spectra at room temperature for (A) MnCl, in

methanol (5.0 X 10°M) and for powder samé)les of hectorite (B)

fully hydrated, (C) air-dried, and (D) dehydrated at 200°C for

24 Zr. Vertical lines indicate the resonance position of standard
pitch (g = 2.0028)(9).

In Magnetic Resonance in Colloid and Interface Science; Resing, H., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1976.



10. PINNAVAIA Hydrated Metal Ions in Silicates 101

collisional relaxation processes and 2) dipolar interactions
between neighboring Mn2t ions. The dipolar effect is concentra-
tion dependent and proportional to r~3 where r is the average
manganese~manganese distance. In dilute solution the lines are
narrow and determined exclusively by collisional relaxation pro-
cesses. Increasing the concentration causes the six hyperfine
components to broaden markedly until at a concentration of 2.3 M
or greater (r < 9.0 d), the hyperfine structure is lost and the
spectrum appears as a single broad line.

A typical spectrum for Mn(II) in dilute solution is shown in
Figure 3 along with spectra for Mn2* hectorite under various con-
ditions. It is seen that the fully hydrated mineral exhibits a
"solution-1like" spectrum, except that the hyperfine lines are
broader. Reducing the amount of inner-layer water from several
to two molecular layers by allowing the mineral to dry at approx-
imately 50% relative humidity causes the line to broaden markedly.
Thermal dehydration at 200° leads to still further line broaden-
ing and almost complete loss of hyperfine structure. Similar
changes in line width are found for Mn2*-gsaturated montmorillon-
ite.

Since the average interlayer exchange ion distance for an+
montmorillonite and hectorite is in the range 10 - 14 &, the
widths of the Mn2% signals should be determined by dipolar relax-
ation effects. This is verified by the comparison in Figure 4 of
the average width of the my=+5/2 lines for MnClj in methanol sol-
ution and fully hydrated minerals of differing Mn2*t-Mn2t* distan-
ces. In Mn2t vermiculite, where the exchange ion distance is
approximately 7 &, only a single broad line with a width of 710G
is observed. The broadening is similar to that found for MnCly
salt (830G) and consistent with dipole-dipole coupling between
magnetic ions 3-8 I apart. Dipolar interactions between the Mn2¥
exchange ions and iron ions in the silicate network may also con-
tribute somewhat to the broadening of the manganese resonances.
The line width of the my=+5/2 lines differs by 15G when an
oriented sample is positioned parallel and perpendicular to the
applied magnetic field. The difference in line widths is attrib-
uted to an isotropic dipolar relaxation by structural iron along
the crystallographic c¢ dimension. The smallest difference in
line widths is observed for Mn?t hectorite which has the lowest

Fe3t content (< 0.14%). 1In this case the increase in line
widths with decreasing hydration state can only be interpreted
in terms of reduced mobility of the interlayer. However,it is
difficult to assess quantitatively the interlayer mobility
because the linewidths are still determined by an interionic
dipolar relaxation mechanism involving neighboring Mn2t exchange
ions. In order to eliminate dipolar relaxation, Mn2t was doped
into Mg2* hectorite at the 5% level.

In absence of dipolar interactions, spin relaxation of
Mn(H20)62+ in solutionresults from molecular collisions between the
solvated ion and solvent molecules which cause random distortion
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Figure 4. Average m; — +5/2 line widths for Mn®" vs. interionic

distance. Open points are for MnCl, in methanol, solid points are

for nontronite (N), Upton (U) and Chambers (C) montmorillonites,
and hectorite (H) under fully hydrated conditions (9).
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of the complex (25,26). By observing the relative esr line
widths in the two environments, one can estimate the correlation
time,.1,for the ion on the exchange surfaces relative to the ion
in bulk solution. When wgt<<l, which is generally true for
Mn(H20)62+ at room temperature and at X-band frequency (wp=0.58x
1011 radians/second), the width of the -1/2 +— +1/2 transition
1s directly proportional to 1 and the inner product of the zero
field splitting tensor (27,28). If one assumes that the zero
field splitting is the same in bulk solution and on the exchange
surfaces of the mineral, then the relative correlation times
should be directly proportional to the ratio of line widths.
Figure 5 i1llustrates the esr spectrum of Mn2t in magnesium hec-
torite in the fully hydrated, air-dried, and thermally dehydrated
condition. The width of the fourth highest field component at
room temperature, which is a reliable estimate of the width of
the +1/2 <— -1/2 transition (29), is 28.7 G for the fully
hydrated mineral. In comparison, the width of Mn(H20)62+ in
dilute aqueous solution is 22 G, Therefore the value of t1, which
can be taken physically to be the pre-collisional lifetime of the
ion, is only ca. 30% longer in the interlayer than in_bulk solu-
tion where it has been estimated to be 3.2 times 10712 seconds.
Thus, the fully hydrated interlayers approximately 12 % thick are
indeed very much solution-like. In contrast, T for Mn(H20)62+ has
been estimated to be about 2.2 times larger in three-dimensional
zeolites than in bulk solution.

Allowing the mineral to dry at room temperature should cause
the mobility of the interlayer to decrease. This is verified by
an increase in the line widths for the doped mineral as illustra-
ted in Figure 5B. However, the lines are too broad and over-
lapping (average width 48 G) to obtain a simple quantitative
estimate of the -1/2 <— +1/2 transition.

Figure 5C shows the spectrum of the doped mineral under
conditions where the interlayers are collapsed and the Mn2t ioms
are coordinated to silicate oxygens in hexagonal positions within
the silicate sheets. The spectrum consists of six main lines
which represent the allowed Amy=0 transitions and five pairs of
weaker doublets which are due to forbidden transitions with
Amp=+1. This spectrum is characteristic of Mn2t in certain crys-
talline matrices and in frozen glasses. As expected under anhy-
drous conditions, there is no solution character to the inter-
layer Mn2t ions. More recently, it has been shown that the
allowed my=0 transition are split by about 14 and 10 G, respect-
ively, when the silicate sheets are perpendicular and parallel to
the applied magnetic fields (8). Although through space dipolar
coupling of Mn + with structural hydrogen or fluorine atoms
might be expected to split the spectral lines into doublets, this
explanation is precluded because the splitting persists at the
magic angle of 55°. However, the splitting is the same at X-band
and Q-band frequencies. It is likely that the splitting arises
because of a mixture of isotropic and anisotropic coupling. It
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Figure 5. ESR spectra at room temperature of powder samples

of Mn*-doped Mg*-hectorite: (A) fully hydrated, (B) air-dried,
and (C) thermally dehydrated at 200°C (9).
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has been suggested that the coupling reflects some degree of
covalence between Mn2t* and fluorine in the fluorine containing
cavities of the silicate lattice. A contribution due to Mn?*-OH
interactions in hydroxyl containing cavities cannot be ruled out.
Nonetheless, the hyperfine coupling unequivocally establishes the
positions of Mn2t within hexagonal cavities in the dehydrated
mineral.

Conclusions

Based on these studies two important conclusions can be
drawn. First, when the interlayer thickness of the hydrated
mineral is determined by the dimensions of the inner-coordination
sphere of the hydrated exchange cations, the cations adopt
restricted orientations in the interlayer region. Under these
conditions the interlayer is solid-like in structure, and one
should not expect a catalytically active exchange cation to be
accessible for reaction with substrate molecules diffusing into
the interlayer region from solution. Second, when the thickness
of the interlayer region exceeds the dimensions of the inner-
coordination sphere of the exchange cations, the exchange ions
begin to tumble rapidly in the interlayer and take on apprecia-
ble solution-like properties. The accessibility of the exchange
cation under conditions similar to these has recently been demon-
strated by supporting homogeneous rhodium phosphine complexes in
the intercrystal environment and by observing retention of their
catalytic activity (1,2).
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Characterization of the Small-Port Mordenite Adsorption
Sites by Carbon-13 NMR

M. D. SEFCIK, JACOB SCHAEFER, and E. O. STEJSKAL
Monsanto Company, St. Louis, Mo. 63166

Complete characterization of adsorbate-adsorbent
systems require the application of diverse analytical
procedures, Adsorbents are usually characterized by
what might be called steady state measurements (such
as XRD, adsorption isotherms, chemical composition,
etc.). These experiments determine macroscopic or
static properties of the adsorbent. Adsorbates, on
the other hand, are routinely analyzed in terms of
their high frequency spectra. Infrared, Raman and
ultraviolet spectroscopies measure vibrations and
electronic transitions which occur in the frequency
range of 10'? to 10 !* Hertz. What is lacking from a
complete picture of the adsorbate-adsorbent system is
an analysis of the low-frequency dynamic properties of
the system; that is, a description of any orientational
influence the adsorbent may have on the adsorbate.
Nuclear magnetic resonance has been applied to this
problem with some success. Resing and coworkers (1)
have used proton-NMR relaxation properties to study
diffusion coefficients, jump times and the temperature
of onset of molecular rotation in the zeolite system.
Kaplan, Resing and Waugh reported the first carbon-13
NMR spectra of benzene adsorbed on charcoal and silica
gel and demonstrated that the chemical shift aniso-
tropy could be interpreted in terms of the molecular
rotation and reorientation (2). High resolution
carbon-13 NMR has also been recently used to determine
the extent of interactions between olefins and zeolytic
cations (3,4).

We have found carbon-13 NMR to be particularly
useful in obtaining information about the motions of
molecules in the range of 102 to 10° Hertz. Analysis
of the NMR lineshape produced by these slow moving
molecules can provide information about the adsorbate
rotational axis and the geometry of the adsorption site.
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We will present here the results of a study of CO, co,,
COS and CS, adsorbed on small-port Na™ and cation-
exchanged mordenites using !X NMR, which lead to a
description of adsorption sites in this particular
adsorbate~adsorbent system.

Lineshape Analysis

There are three sources of line broadening in the
NMR experiment which limit the applicability of this
technique in studying adsorbent-adsorbate interactions.
The first is dipole-dipole interactions. If a molecule
contains two nuclei with magnetic moments, then the
extent of the magnetic interaction between those nuclei
depends on their spatial separation, relative orienta-
tion and the size of the magnetic moments (5). These
interactions may be between similar nuclei {homo-
nuclear broadening) or unlike nuclei (heteronuclear
broadening) and may be either inter- or intramolecular.
In liquids these interactions are usually averaged to
zero by the tumbling motions of the molecules, but
this might not be the case for adsorbed molecules.
Homonuclear dipolar broadening is a serious problem in
proton NMR due to the high natural abundance and hence
relatively short internuclear distance between protons.
Multiple pulse experiments have been used to eliminate
homonuclear interactions in proton NMR but will not be
described here (a discussion of this technique can be
found in ref. 6). By using rare-spin NMR ('’c, '°N,
?%si, etc.), homonuclear interactions are greatly
reduced, while static heteronuclear dipolar broadening
can be eliminated by double resonance techniques (7).
Neither line-narrowing technique removes dipolar
broadening associated with intermediate-frequency
motions characterized by correlation frequencies on the
order of 10° Hz.

A second source of unwanted line broadening arises
from paramagnetic impurities in the sample. Para-
magnetic broadening is similar to the dipole-dipole
interactions discussed above except that it involves
an electron dipole and can not be eliminated by
instrumental procedures. Since the electron dipole is
657 times stronger than the !H nuclear dipole it is
easy to see that very low concentrations of para-
magnetic impurities can drastically affect the NMR
lineshape. The effect of paramagnetic impurities in
zeolites on molecular relaxation has been discussed in
detail by Resing (8) and will not be presented here.

In practice, paramagnetic impurities as great as 200
ppm in molecular sieve adsorbents are tolerable since
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many of the paramagnetic centers are apparently
trapped away from the adsorption sites.

While both dipolar and paramagnetic interactions
usually give rise to symmetric broadening of the
nuclear magnetic resonance, molecular motions which
are slower than about 10“ Hertz allow a third major
source of line broadening, a dispersion of resonance
frequencies. The chemical shift or resonant Larmor
frequency of a particular nucleus is proportional to
the local magnetic field at that nucleus. The local
magnetic field is, in the absence of dipolar inter-
actions, dependent on the strength of the applied
magnetic field, Ho, and the very small fields generated
by electrons moving about the nucleus. In a molecule
there is frequently an anisotropic distribution of
electrons about the nucleus causing a directional
dependence in the chemical shift. Theoretical reso-
nance dispersions arising from chemical shift aniso-
tropies for nuclei in randomly oriented molecules
such as encountered here may be calculated for various
nuclear site symmetrles (9) A cubic nuclear site
symmetry results in only one value for the chemical
shift, a delta function shown in Figure 1 at oj. (The
high frequency molecular motions encountered in liquids
and gases effectively increase the nuclear site
symmetry of the molecules to cubic resulting in the
narrow lines characteristic of high resolution NMR).

It is worthwhile to note at this point that any inter-
action between the adsorbate and the adsorbent which
changes the electron density near the observed nucleus
will result in a chemical shift, thus providing a
mechanism for distinguishing chemi- from physisorption.

Molecules with axial symmetry have two principle
values of the chemical shift, one perpendicular to the
symmetry axis and one parallel to it., Figure 1
represents the chemical shift dispersion of a CO,
molecule. The linear CO, molecule has three possible
orientations with respect to the applied magnetic field,
two of which have identical chemical shifts. The
spectral dispersion which arises from a collection of
randomly oriented CO. molecules, as in a frozen solig,
is a broad line with® the doubly degenerate chemical
shifts (and hence greater intensity) on the down-
field (10) side, as illustrated by the dashed curve in
Figure I,

If instead of a frozen solid the CO, molecules
find themselves in an environment where they can
execute anisotropic rotation, a very different chemical
shift dispersion is observed. As shown by the drawing
in Figure 1, rotation about one of the C, axes
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Figure 1. Some theoretical spectra observed in the NMR of adsorbed carbon
dioxide: a random array of nonrotating CO, molecules produces a chemical
shift dispersion (dashed curve) with two principal values for the chemical
shift tensors (o., parallel to the molecular axis and o..,0,, perpendicular to it).
With rotation about the x-axis the CO, molecule experiences anisotropic rota-
tion. This rotation leaves o., unchanged but averages ayy and o, to <o>
(solid curve). The areas beneath the two curves are not shown to scale.
Isotropic rotation of the CO, molecule averages the chemical shift dispersion
to its isotropic value, o; (delta function, broken line).
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perpendicular to the molecular axis leaves the chemical
shift for one orientation unchanged, but averages the
other two producing a narrower spectral dispersion
with the degenerate chemical shifts on the up field
side (solid curve). With rotation about the other C,
symmetry axis, the CO, molecule assumes isotropic or
"free" rotation and the chemical shift dispersion
collapses to the delta function, as mentioned earlier.
The fourth characteristic lineshape which can be
encountered in the NMR of solids is one in which all
three orientations of a molecule with respect to the
applied magnetic field have unique chemical shifts,
This arises from molecules which have lower than axial
symmetry (nonsymmetric in the molecular coordinate
system) or from axially symmetric molecular whose
anisotropic rotation is not sufficient to average the
principle chemical shift values (o and ozz in Figure
l). These spectral dispersions aréYcharacterized by
their "tent" shape having the greatest intensity
between the two chemical shift extremes.

In the following discussion of the experimental
results we have found it useful to refer to the
various chemical shift dispersion spectra acronymical-
ly. There are four general lineshapes encountered in
the NMR of solids; Symmetric, Axially symmetric with
the degeneracy on the Left, Axially symmetric with the
degeneracy on the gighf, and the "tent" shaped Non-
Symmetric chemical shift dispersion. Thus, S, AL, AR
and NS describe the spectral shape. In addition, the
spectral dispersions may be associated with molecules
which are nonrotating (NR), anisotropically rotating
(AR) or isotropically rotating (IR). A combination
of both descriptors forms the complete acronym for the
shape and origin of the NMR spectra. For example, the
spectra discussed in Figure 1 may be referred to as
S(IR), AL(NR) and AR(AR) spectra respectively.

Since determination of the molecular motions
depends on the careful analysis of the broad spectral
dispersions arising from molecular chemical shift
anisotropy, every effort should be made to eliminate
unwanted sources of line broadening and spectral over-
lap from molecules which have more than one resonance.
As mentioned previously, rare-spin NMR has the advan-
tage of minimizing homonuclear dipolar interactiocns,
and the use of isotopically enriched samples may
simplify the spectra to that of only one nuclear
resonance. As in the work presented here, the
carbon-13 NMR of carbon-containing inorganic gases
actually provide the most straightforward and acces-
sible experiment since only single resonance
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experiments need to be performed. Investhations of
adsorbed organic vapors and liquids require®® nuclear
magnetic double resonance techniques to eliminate
heteronuclear dipolar interactions.

Experimental Procedure

The sodium mordenite molecular sieves were pre-
pared from high purity reagents by Leonard B. Sand
at Worcester Polytechnic Institute and contained
10-170 ppm iron. The x-ray diffraction patterns
indicated the samples to be 90-95% mordenite with the
remainder as analcime. The mordenites were of the
small-port variety; they adsorbed 15% by weight of CO,
at 1 atm. and 0.1% by weight of benzene at 72 mm and
room temperature. Ion-exchanged mordenites were
prepared by the conventional procedure from 1 molar
salt solutions. Approximately 1/2 gram samples of the
molecular sieve were placed in 10 mm O.D. NMR tubes
and dried jnp vacuo under a programmed temperature rise
to 300°C. (The ammonium exchanged sieve was shown to
lose ammonia only above 415°C by DTA.) After cooling,
the 51eves ,were allowed to adsorb 90% isotopically
enriched !3C gases to the desired level. The loading
level was defined as a weight percent of the capacity
of the sieve at room temperature and 1 atm. (300 mmHg
for CS,). The tubes were sealed with a Teflon plug
and Viton o-ring without exposure to the atmosphere
and were used reproducibly over several months.

The Fourier transform !’C-NMR spectra were obtain-
ed on a Bruker spectrometer, equipped with a broadband
receiver and quadrature detector (ll), and operating
at 22.6 MHz, with field stabilization provided by an
external time-share !*F lock (11). The experiments
described here can be performea—bn any commercial
instrument, which is equipped with an external field
lock, and which is free from baseline artifacts (12).

Results and Discussion

The !3C-NMR spectra of isotopically enriched '3Co,
adsorbed in varying amounts on the Nafmordenite are
shown in Figure 2. Three different spectral line-
shapes appear in this series indicating that the
adsorbed CO, exists in at least three distinct states
(or a distribution of states), presumably differing in
their rotational freedom. Analysis of the resonance
lineshape for each of these states should provide
information about the local site geometry which
influences CO, adsorption.
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At the highest loading level (upper spectrum in
Figure 2) a narrow, relatively weak symmetric line
appears superimposed upon the broad chemical shift
dispersion. We believe this narrow line is due to CO,
molecules which are freely rotating and translating in
the large channel areas of the mordenite. (The large
channel is comprised of l2-member rings perpendicular
to the crystallographic c-axis.) This conclusion is
substantiated by the observation of narrow line
resonances for CO, adsorbed in the zeolites Y (13) and
L in which the minimum internal pore dimensions (13 and
7.1 A, respectively) are greater,than the van der Waals
length of the CO, molecule (5.1 A). The intensity of
these narrow symmetric lines (which reflect the affin-
ity of CO, for these sites) increases as the pore di-
mensions decrease to match the dimensions of the CO,.
These results imply that intercalated material or ran-
domly located cations (14) frequently reduce the large
channel size to less than the length of the 00, molecule.

The second spectral lineshape which is present in
Figure 2 is best seen at low loading levels. At the
40% level only a broad chemical shift dispersion of
type AL(NR) (see text) is observed, indicating that
the adsorbed CO, molecules are not allowed to rotate in
their absorption sites. Meier (15), in his definitive
crystal structure analysis of the Nat-mordenite, ident-
ified a series of smaller channels opening in the b
direction which are circumscribed by 8-member rings
having a free aperture of 2.9 x 5.7 . The small
channels do not, however, interconnect with the next
main channel but rather branch through distorted
8-member rings towards similar areas in the adjoining
large channel. These distorted B-member rings, which
have a free aperture of only 2.8 &, isolate the main
channels, leaving them lined with two rows of side-
pockets. Meier found that four sodium cations per unit
cell resided in the center of these distorted 8-member
rings (the location of the other four could not be
determined). When the sodium cations are exchanged for
larger cations such as Cst or NHf these remain in the
side-pockets, being unable to assume a position in the
distorted 8-member ring (16).

To determine whether the adsorption sites
responsible for the nonrotating CO, molecules were the
side-pockets, we examined the effect of cation exchange
on the '’C NMR of adsorbed CO,. When the sodium
cations were exchanged, forming the Cst- and NH;-
mordenite there was no evidence of nonrotating CO, at
any loading level. Thus, our results are consistent
with the side-pockets being the first adsorption sites
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Figure 2. Carbon-13 NMR spectra of CO, adsorbed on small-port Na'-mordenite as a
function of loading level
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to be filled in the Naifmordenite and also providing
the most severe rotational hinderance. This phenomena
was first recognized by Barrer and Peterson (l7) in
their study of intercrystalline adsorption by synthetic
mordenites. They reasoned that the first molecules
adsorbed should preferentially occupy the side-pockets
since these sites offered the highest coordination
between the adsorbed molecule and the anionic oxygens.
We have observed that CO, CO, and COS are readily
adsorbed in the 51de—pockets of the Na_mordenlte but
excluded from these sites in the Cs*- and NH}-morden-
ites. The resonance arising from molecules in the
side-pocket sites is narrowed at higher loading level
by collision induced rotation.

The broad resonance produced by CO,at high load-
ing levels is of the type AR(AR). Since CO, has axial
symmetry, a resonance of this shape must be due to
anisotropic rotation. The anisotropic rotation of
molecules responsible for the AR(AR) spectra is best
characterized as a rotation in a single plane with a
frequency greater than 10" Hertz. Anisotropic
rotational behavior of adsorbed species on mordenites
has been suggested in the literature. Gabuda and
co-workers (18,19) have identified three types of
zeolite water based on the proton ~NMR linewidth:

(1) rigidly bound, (2) anisotropically mobile, and

(3) isotropically mobile. Water adsorbed on mordenite
and other channel sieves such as chabazite, huelandite
and laumontite was found to be anisotropically mobile.
The motional behavior of carbon dioxide adsorbed on
synthetic mordenite has been studied by Takaishi,

et al. (20). These authors argued that the strong
electric quadrapole moment of CO, interacts with the
crystal field in the channel sieve, causing seriously
hindered rotation. Based on statistical mechanics,
Takaishi felt that at low coverage adsorbed CO, would
be rigidly held below 50°C and become an anisotropic
rotor above that temperature. Our results, at high
coverage, indicate that CO, displays anisotropic
rotation even at room temperature. Evidence will be
offered below to suggest that steric rather than
electronic effects are responsible for this behavior.

The adsorption sites in the mordenite which
permit only anisotropic motion of adsorbed CO, are not
located near the zeolitic cations. When synthetlc
Nat-mordenite was converted to the Cs* and NH * forms,
the AR(AR) spectra remained unchanged, indicating that
these larger cations did not inhibit the anisotropic
rotation of the adsorbed gases. We conclude, there-
fore, that the adsorbed CO, which produces the AR(AR)
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must be located in the occluded areas of the mordenite
main channel.

Over the range of coverage studied here we have
found evidence for nonrotating, anisotropically rotat-
ing and isotropically rotating adsorbed species at
room temperature. The series of spectra in Figure 2
suggest the following sequence of events: at the
lowest coverage CO, molecules are preferentially
adsorbed in the side-pockets which line the main
channel and are held with little rotational freedom.
When all of the side-pocket sites are filled, adsorp-
tion occurs in the occluded or smallest sections of
the main channel. 1Initially, the molecules which
occupy these sites are relatively immobile but, with
increasing concentration, intermolecular collisions
induce rotation in a single plane of the small channel
where the coordination number with respect to anionic
oxygens is somewhat less than in the side-pockets.
Finally, as these sites are filled, adsorption begins
in some large pore areas of the mordenite, presumably
the unblocked regions of the main channel. The
affinity of the CO, for these large channel sites is
low, consistent with the low coordination number and
relativelg unrestricted rotational behavior.

The '°C-NMR spectra of CS,and COS adsorbed on the
Nat-mordenite are shown in Flgure 3, again as a
function of loading ]level. Due to the larger critical
diameter of CS, (3.6 A) one would not expect adsorption
to occur in the side-pockets, and indeed, there was no
AL (NR) type chemical shift dispersion indicative of
this site, even at the lowest detectable loading
levels. This conclusion is further supported by
exgeriments with multicomponent systems. When the

at-mordenite was loaded to the 40% level with ?°CO,
and then allowed to adsorb !?CS, to its capacity,

the }3C-NMR spectrum (which detacts only the CO, )
indicated that none of the CO, had been excluded from
the side- gockets. In a control experiment, the addl-
tion of '2CO, to a sample partially filled with ®%o,
resulted in complete scrambling of the label; the
NMR spectrum was similar to that obtained with fully
loaded '%*0,, albeit less intense.

At all loading levels the NMR spectra of CS,
adsorbed on the mordenite exhibit the AR(AR) spectral
lineshape indicative of an anlsotroplcally rotating
axially symmetric molecule. As in the case of CO;,
the adsorption site which permits this rotation is
believed to be the occluded areas of the main channel.
It is interesting to note that the NMR spectra of Cs,
exhibit much more area (i.e., concentration) in the
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narrow symmetric line than was observed for CO, or, as
can be seen in Figure 3, COS. The increased intensity
of the narrow line component on going from CO, to COS
to CS, suggests the larger molecules preferengially
adsorﬁ in these large volume sites. The increased
affinity of COS and CS,in these areas may reflect
either a higher coordination with the zeolitic oxygens
or the greater polarizability of the adsorbates (21).

The NMR spectra for adsorbed carbonyl sulfide,
shown in Figure 3, have the greatest intensity to the
left of the spectrum at all loading levels. At low
coverage the chemical shift dispersion is of the type
AL (NR), similar to that observed for CO, at low
coverage., To establish the adsorption site responsible
for this spectrum we again turn to results of experi-
ments on multicomponent systems. When the Nat-
mordenite was filled to the 40% level with '°CO,
(sufficient to fill the side-pockets), and then exposed
to an atmosphere of '2C0S, the resulting spectrum
indicated that the labeled carbon dioxide had been
excluded from the side-pockets and forced into the
less favorable adsorption sites in the large channel
area. Apparently, the small end of the carbonyl sul-
fide is able to fit into the side-pockets where it is
preferentially adsorbed in competition with CO,.

At higher loading levels the NMR of COS does not
shift to the AR(AR)type spectra noted for CO, and CS,.
Since the carbonyl sulfide is intermediate in size
between CO, and CS, we would have expected adsorption
in the occluded areas of the large channel which leads
to anisotropic rotation. To understand this apparent
anomaly it is necessary to refer to the illustrations
of the chemical shift dispersion in Figure 1. For the
linear symmetric molecule CO, (point group D, ) a
rotation of 90° is sufficient to average thelbhemical
shift tensors and produce the AR(AR) type spectrum.
Carbonyl sulfide, which is an asymmetric linear
molecule (point group q»v) requires a full 180° rota-
tion to produce the same’'result. Based on their
van der Waals radii, CO,, CO§ and CS, have molecular
lengths of 5.1, 6.0 gnd 6.6 A and critical diameters
of 2.8, 3.6 and 3.6 A, respectively. The main channel
aperature of the Nat-mordenite, which is defined by
12-member rings perpendicular to the c-axis, measures
6.7 x 7.0 A (15). The small-port mordenite, however,
does not adsorb molecules with critical diameters
larger than 4 R. Our results indicate that CS, can
apparently execute at least 90° rotations in tﬁe main
channel of the small-port mordenite, but that COS can
not rotate a full 180°. This suggests that the
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Figure 3. Carbon-13 NMR spectra of CS; (left) and COS (right)
adsorbed on small-port Na'-mordenite as a function of loading level
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Figure 4. Carbon-13 NMR spectra of CO
adsorbed on small-port Na'-mordenite as a + ,
function of loading level Nat mordenite
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effective channel dimensions are reduced to approxi-
mately 4 x 5.5 R by occlusions.

This channel size for the small-port mordenite is
also supported by studies with carbon monoxide. The
1%C-NMR spectra of CO adsorbed on Nat-mordenite are
shown in Figure 4. At all loading levels the spectral
dispersion remains of the type AL(NR). Carbon monox-
ide absorption in the side-pockets was again verified
by examlnlng the spectra of CO when it was adsorbed on
the ion- exchanqed mordenites. With Cs*- and NH'+
mordenite the '3C-spectra was relatively narrow
symmetric, and weak with an intensity only sllghtly
greater than observed for gaseous CO at one atmosphere.
The absence of any indication of main channel adsorp-
tion on the ion-exchanged sieves was unexpected. Since
CO, is readily adsorbed into these areas we conclude
that the molecular dimensions of carbon monoxide are
sufficiently smaller than the small-port channel size
so that no significant adsorption occurs. ThlS is
consistent with the reduced capacity of the Nat-
mordenite for CO compared to CO

The results presented here éemonstrate the informa-
tion which can be obtained concerning the dynamic
state of adsorbed species by rare-spin NMR. By
judicious choice of probing gases, this technique not
only allows one to view each adsorbed state essentially
independent of the others but is also useful in defin-
ing the geometrical constraints of the various adsorp-
tion sites. Other NMR parameters, such as relaxation
rates or temperature dependence of the spectral line-
shape, may be useful for determining diffusion
coefficients, exchange rates, jumping mechanisms and
the energetics of each adsorbate-adsorbent interaction.
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Use of Nitroxide Spin Probes in ESR Studies of
Adsorbed Molecules on Solvated Layer Silicates

M. B. McBRIDE
Department of Agronomy, Cornell University, Ithaca, N. Y. 14853

Electron spin resonance (ESR) studies utilizing nitroxide
spin probes doped into membranes (lﬁg) have produced information
about the orientation and mobility of the probes in these systems,
thereby revealing fundamental properties of membranes. Appli-
cation of this spectroscopic technique to adsorption studies of
a spin probe on layer silicates has elucidated certain principles
of the organic-aluminosilicate interaction (3). Orientation data
could be obtained in these studies because of the anisotropic
hyperfine splitting constant (A) of the nitroxide probe and the
ability of layer silicates to form well-oriented films. The
layer silicates are composed of negatively charged aluminosili-
cate plates which maintain exchangeable cations between plates
to balance the charge. Certain of these naturally occurring
minerals are capable of swelling in water and other solvents by
the adsorption of solvent between the plates.

Although information has been reported regarding the
anisotropic motion and orientation of the protonated nitroxide
probe (lb-amino-2,2,6,6-tetramethylpiperidine N-oxide) adsorbed
on ethanol- and water-solvated silicate surfaces (g), a systema-
tic study of the molecule-surface interaction in the presence of
numerous solvents is required for a more complete understanding
of the processes of adsorption. Thus, in this study, solvents
of widely varying chemical properties have been used to solvate
a smectite doped with the protonated spin probe. In addition,
similar experiments were carried out for a vermiculite in order
to compare the surface properties of different layer silicates.
Measurement of the orientation and mobility of the probe in these
systems may permit the mechanisms of adsorption of organic mole-~
cules on solvated clay surfaces to be learned.

Materials and Methods

A California hectorite (<2u particle size) with chemical
formula and exchange capacity previously reported (E) was
saturated with Nat ions using excess NaCl salt solution. The
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salt was then washed from the clay suspension by repeated centri-
fuging and discarding the supernatant until a negative AgNO3 test
for chloride was obtained. An aqueous solution of the spin probe
(4-amino-2,2,6,6-tetramethylpiperidine N-oxide), referred to in
this study as TEMPO, was titrated with HCl solution past the
equivalence point (determined with a pH meter) to protonate the
amine group of the probe. A known quantity of this cationic

form of the probe (TEMPO+) was added to the Nat-saturated
hectorite to produce a clay doped near the 10% level of exchange
capacity. The clay was then washed free of chloride and excess
probe molecules with distilled water. An aqueous suspension of
the doped hectorite was dried on a flat surface to produce an
oriented, self-supporting film for ESR studies. A TEMPO*-doped
Nat-vermiculite was similarly prepared for ESR studies. The
vermiculite, from Llano, Texas, had a chemical formula and
exchange capacity as reported previously (L4).

The clay films were oriented in quartz tubes and ESR spectra
of the clays were recorded on a Varian V-4502 spectrometer
(X-band). The air-dry clays were equilibrated with various sol-
vents by adding the liquids to the clay films in the quartz
tubes and sealing the tubes. The ESR spectra were then recorded
with excess solvent present.

A Norelco X-ray diffractometer was used to determine the
d(001) spacings of the hectorite films while the films were
wetted in the solvents.

Discussion of Results

The TEMPO'-Hectorite System. The TEMPOY molecule has a
structure (Fig. 1) that permits varying alignments with layer
silicate surfaces depending upon the state of solvation of the
surfaces (3). The N~0 bond axis is probably nearly colinear
with the C~N bond axis, since it is known that N~O0 and C=0 are
colinear in a very similar probe molecule, 2,2,6,6~-tetramethyl-
b-piperidone N-oxide (5), or TEMPONE. The axis system of the
molecule for purposes of ESR is based on the nitroxide group
(Fig. 1), and the largest hyperfine splitting value (A, is
observed when the magnetic field (H) is parallel (||) to the
z-axis of the molecule. Smaller splitting values (Axstyy) are
recorded by ESR when H is perpendicular (]) to the z-axis\
Splitting of the unpaired electron signal of the N-O m-orbital
iﬁto three resonances is caused by the nuclear spin of
14N (ny=1,0,-1).

In most low-viscosity 1liquids at room temperature,
nitroxide spin probes rotate rapidly enough to average the
anisotropy of the hyperfine splitting (A) values. A three-line
symmetric ESR spectrum is thereby obtained for TEMPO in solution
which has a motionally-averaged hyperfine splitting value of
Ao(Ag=1/3 Ayx + 1/3 Ayy + 1/3 A;;). 1In addition, the anisotropic
g-tensor is averaged and the ESR spectrum in liquid is centered
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Figure 1. Diagram of protonated 4-amino-2,2,6,6-tetra-
methylpiperidine N-oxide (TEMPO*) showing the mo-
lecular fixed-axis system

at go(go=§ Exx + %-gyy +1g,,). This type of spectrum, demo-
strated for TEMPO in amyl alcohol (Fig. 2), was observed for
TEMPO dissolved in all the solvents used in this study except
for glycerol. Glycerol has a high enough viscosity at room
temperature to prevent motional averaging of A and g (6). Cal-
culation of rotational correlation times (Tc) by a standard
method (7), indicates that TEMPO has a correlation time in the
range of 10-10 to 10-11 sec. when dissolved in the solvents
(except glycerol) used in this study (Table 1). The values of
Ay for nitroxide probes dissolved in various solvents decrease
as the solvent polarity decreases (6). This relationship is
shown for the solvents in Fig. 3, demonstrating that Ay increases
with increasing dielectric constant. Data of other workers (8)
for TEMPONE dissolved in several solvents are plotted (Pig. 3)
to substantiate the relationship. From these data, it is
apparent that the low-viscosity solvents of this study can be
separated into three groups (a) low polarity:benzene (BZ) and
carbon tetrachloride (CT) (b) medium polarity:iso-amyl (AM),
n-butyl (BU), iso-propyl (PR), ethyl (ET), and methyl (ME)
alcohols (c) high polarity:water (Ho0).
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l ' 25 Gauss X
H

———cus

Figure 2. ESR spectrum of TEMPO in iso—amyl alcohol at 20°C

(1o = 1 X 107" sec, g, — 2.0053, A, — 16.0 gauss). The vertical

line shown in this and later figures indicates the field position of
the free electron (g = 2.0023).

When TEMPO*-doped Na*-hectorite films are solvated in the
liquids listed above, the ESR spectra of the probe vary greatly
(Figs. 4,5,6). These spectra can be described by the values of
Al], A], and AA (9), where Al| and A are the field separations
in gauss between the low-field and middle resonances of the ESR
spectrum for || and | orientations of the ab plane of the layer
silicate relative to H. The difference between these two
splitting parameters, denoted as AA = AL—AI ] , represents the
degree of orientation of the probe molecule on the silicate. A
value of AA=0 would indicate random orientations of the probe,
while the maximum value of AA = A,,-A, =2l gauss (9) would
describe strong alignment ‘of the probe relative to the layer
silicate. The correlation times (T.) of TEMPO* in these systems
is calculated from the equations (7):

T, = 0.65 W,(Ry=2)

h 1 h 1
R,=(-2_ ) * (X2 _)%
+ hyy h-1

where W, is the line-width (gauss) of the central line of the
spectrum, and the symbols hs1, h,, and h_; represent the peak
heights of the low, middle, and high field lines of the spectrum,
respectively. This equation is intended for calculation ¢f
random-motion T, values in the fast-motion region (T,€10~° sec.),
and is therefore not totally accurate for the non-random motion
observed in this study. However, calculation of T, values for
the II and l_orientations of the silicate relative to H allows
general comparisons with T, values in solution. The anisotropy
of motion on surfaces often results in different T, values with
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Figure 3. Relationship of hyperfine splitting values (A,) of the spin probe in solution
(20°C) to the dielectric constant (¢) of the solvent. Open circles Vg ) represent present
work while solid circles (@) represent data of Snipes et al. (8) for TEMPONE. Symbols
for solvents not described in the discussion are: EG (ethylene glycol), TB (t-butanol),
EE (ethyl ether), HX (n-hexane).
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Figure 4. ESR spectra of TEMPO*-doped Na'-hectorite films

solvated in excess (a) H,0, (b) methanol, (c) ethanol. Films are

oriented perpendicular ( 1 ) and parallel (|]) to the magnetic field,
H, for each solvent.
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different orientations of the sample relative to H. The values
of T, for || and l_orientations, as well as the values of A||,

and Ai_are presented in Table I for TEMPO' adsorbed on
solvated Na*-hectorite.

The TEMPO' spectrum in excess Ho0 exhibits considerable
anisotropy as well as a 20-50 times increased T, value (Fig. La,
Table I). There is little evidence of immobilized TEMPOY in the
interlamellar regions of the hectorite, although spectra pre-
viously obtained on the same system below 100% relative humidity
have shown the broad, "rigid-glass" spectrum (3), probably
caused by probe molecules trapped in partly collapsed inter-
layers, The basal spacing of the wet hectorite is near 18
(Table II), apparently large enough to permit considerable inter-
lamellar tumbling of the probe. However, the anisotropy of the
spectrum is evidence that the probe is tending to align with the
surface as diagrammed in Fig. 7a. This orientation is considered
to be a consequence of the attraction between the hydrophobic
portion of the molecule and the layer silicate surface (3). The
surface oxygens of smectites have only limited attraction for
polar molecules such as Hy0 (10).

The three-line, nearly isotropic ESR spectra of TEMPOY in
ET- and ME-solvated Na't-hectorite (Fig. b, Lec) are evidence of
considerable motional freedom of the probe in these systems,
despite the basal spacings of 17 & (Table II). The values of
AA for these spectra are near zero, while T, is estimated at
about 20 times that for TEMPOT in solution (Table I). This
mobility suggests a reduced probe-surface interaction as a
result of the less polar nature of the solvents in comparison
with H50. The ET and ME molecules may effectively compete with
the probe for surface adsorption sites or may interact more
strongly with the probe, preventing its alignment with the sili-
cate surface. Although the spectra in ME show little evidence
of immobilized TEMPO+, the ET spectra demonstrate a broad
signal partially obscured by the sharper three-line spectrum of
solution-like TEMPO* (Fig. Lb, Le). Since the largest splitting
value of this signal occurs when the hectorite films are
oriented || to H (see arrows, Fig. bc), the immobilized probe
must be oriented with the N-O bond axis l_to the gb plane of the
layer silicate. This alignment is diagrammed in Fig. Tb,
suggesting that the probe molecule "bridges" across the 7,5 ]
wide distance between layer silicate plates. Such an orientation
would allow the charged end of the molecule to approach the
surface charge sites while permitting the hydrophobic methyl
groups of the probe to interact with ET molecules in the inter-
layers. The broad spectrum of Fig. lLc represents probes with
reduced molecular motion (Tc>>10- sec.), a probable result of
motional hindrance and surface interactions in the interlayer
which has a width similar to the diameter of the probe (Q;ﬁ).

The higher molecular weight alcohols with lower dielectric
constants than ET and ME, when used to solvate TEMPO*-doped
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Nat-hectorite, demonstrate spectra with higher proportions of
immobilized probe relative to the more freely rotating probe
(Fig. 5) in comparison to the spectra of the probe in ET- and
ME-solvated hectorite. The spectra of the PR-solvated system
have a relatively narrow, nearly isotropic, three-line signal
(Fig. S5a) produced by near random tumbling of adsorbed TEMPO*

at a rate about six times slower than in solution (Table I).

The weak, broad spectrum of immobilized TEMPO* (Fig. 5a) is
orientation-dependent, with the largest value of A when the
hectorite film is | to H (see arrows). This dependence of A is
indicative of immobilized TEMPO* aligned with the N-0 axis || to
the ab plane of the silicate, as shown in Fig. Tc. The basal
spacing of Na*-hectorite solvated in PR (Table II) is only large
enough to permit the TEMPOt molecules in interlamellar regions
to lie "flat", thereby explaining the immobilized probes. The
more mobile TEMPO! must be considered to occupy external sur-
faces of the solvated hectorite or interlamellar regions
expanded to spacings greater than the dimensions of the probe
molecule.

The spectra of BU-solvated hectorite (Fig. 5b) are again
composed of signals from two distinct probe environments--the
more mobile probe undergoing near-random tumbling at a rate
reduced nearly six times relative to solution, and the immobi-
lized probe (denoted by arrows) aligned in interlamellar regions.
The basal spacing of the clay (Table II) prevents the probe from
rotating in the interlamellar sites, and the relative intensity
of the signal due to immobile probe appears greater for BU
than PR (Fig. 5b). 1In comparison, the spectra of AM-solvated
hectorite (Fig. 5c) demonstrate essentially no mobile TEMPO?Y,
while the strongly oriented, immobilized TEMPO* is dominant.
Again, the interlamellar spacing of the AM-solvated hectorite
prevents free rotation of TEMPOY and produces strong alignment
(Fig. Te).

The ESR spectra of TEMPO* in Nat-hectorite solvated with
the least polar solvents, BZ and CT, are produced by well-
oriented, immobilized probes (Fig. 6a, 6b, Table I). The basal
spacings of the layer silicate (Table II) indicate the limited
ability of these solvents to expand the interlamellar regions,
thereby allowing essentially all of the probe molecules to be
trapped and strongly aligned (Fig. Tc).

It should be pointed out that the addition of the probe to
the Na*-hectorite at the ~10% level of exchange somewhat alters
the properties of the system. Table II demonstrates that the
probe tends to increase the basal spacing of the hectorite in
solvents which normally produce <15F spacings for Wat-hectorite.
Conversely, the addition of probe decreases the basal spacings in
solvents which produce >15 R spacings for pure Na*-hectorite.

As previously shown (3), TEMPO' holds the hectorite plates apart,
preventing collapse of interlamellar regions. However, the
hydrophobic nature of the probe tends to reduce the swelling of
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Figure 5. ESR spectra o{ TEMPO*-doped Na‘-hectorite films solvated in
excess (a) isopropyl alcohol, (b) n-butanol, (c) iso-amyl alcohol
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Figure 6. ESR spectra of TEMPO'-doped Na'-hectorite films solvated in
excess (a) benzene, (b) carbon tetrachloride, (c) glycerol
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the hectorite in water and other polar solvents (3). This fact,
coupled with the possible segregation of Na* and TEMPO* ions in
the interlayers similar to alkylammonium-metal ion segregation
(11,12) could produce TEMPO*-enriched, non-expanded interlayers
that might account for some probe immobilization.

In summary, the spectra produced in the various solvents
show some consistent trends. The lower the polarity of the
solvent, the less the interlayers of hectorite are able to expand,
and the greater the proportion of TEMPO* that is immobilized.
Thus, hectorite fully solvated in Ho0 or ME contains little or
no immobile probe, while ET-, PR-, BU-, and AM-solvated hec-
torites contain increasing proportions of the immobile probe.

The solvents of very low polarity (BZ,CT) allow TEMPO* molecules
to be almost completely restricted in interlayers. The results
support the concept that solvent adsorption and interlamellar
expansion is largely a result of cation-dipole interactions (13),
since polar molecules are capable of solvating the interla-
mellar Nat* ions, while non-polar molecules have little attraction
for metallic cations and probably adsorb on the silicate surface.
It is likely that the Na* ions in the hectorites solvated with
BZ or CT are non-solvated and localized in hexagonal holes of

the silicate surface (14).

Although the apparent basal spacings for ET- and ME-solvated
hectorites are essentially the same, as are the spacings of PR-,
BU- and AM-solvated systems (Table II), the relative proportions
of immobilized probe vary (Figs. 4,5). This suggests that
collapse of silicate interlayers is more complete in solvents of
lower dielectric constant if it is assumed that the more mobile
probes are adsorbed on external surfaces or in partially ex-
panded interlayers that permit molecular rotation. For example,
the lack of mobile TEMPO* in the AM, BZ, and CT systems suggests
that virtually all layer silicate platelets collapse together to
a 14-15 R spacing, leaving very few TEMPO* molecules on external
surfaces.

In general, the degree of restriction of the more mobile
fraction of adsorbed TEMPO' varies with the polarity of the
solvent. The adsorbed probe in HoO-solvated Na*-hectorite has
a rotational correlation time about 50 times that of the probe
in aqueous solution (Table I). In ET- and ME-solvated systems
the adsorbed probe is considerably more mobile, with a 20-fold
increase in T, relative to free solution. In the PR- and
BU-solvated systems, T, for the mobile probe is only increased
about six times. The data suggest that interaction of TEMPO*
with the silicate surface is controlled by the polarity of the
solvent. Highly polar solvents permit strong probe-surface
interactions because of the lack of attraction between polar
molecules (eg., Ho0) and the silicate oxygens as well as the
weak interaction of polar molecules with the hydrophobic groups
of TEMPO*. This strong surface attraction of TEMPO* in aqueous
systems might be compared to the strong adsorption of alkyl-
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ammonium ions on smectites to form non-expanding, hydrophobic
clay systems (15).

Although the glycerol-solvated hectorite produces a
"rigid-glass" type of spectrum as expected for solvents of very
high viscosity (Fig. 6c), there is some alignment of TEMPO* in
the A8 R wide interlayer as inferred from the orientation-
dependent spectrum. The alignment of the N-0 axis is imperfect,
but appears to be along the ab plane of the silicate. Therefore,
the probe molecule is tending to lie "flat" as it did in the
hydrated systems. The spectra (Fig. 6c) are virtually identical
to those previously reported for Mg2+-hectorite equilibrated at
100% relative humidity and cooled to 0°C (3). The relatively
high dielectric constant of glycerol (e=L42.5) probably accounts
for the similarity in orientation of TEMPO' in the glycerol and
Ho0 systems. However, the interlamellar mobility of TEMPO* is
much lower in the glycerol system because of the high viscosity
of glycerol.

The TEMPO*-Vermiculite System. As a basis for comparison
with the hectorite, TEMPO*-doped Nat-vermiculite was oriented
in films and equilibrated at 100% relative humidity. The spectra
of the probe (Fig. 8) are composed mainly of the isotropic,
solution~like signal with AJ;A||Q&6.5 gauss. Some evidence of a
broad background signal (immobile probe) seems to be present.
Apparently, because the Nat-vermiculite does not expand beyond a
basal spacing of ~1L.T R in water, essentially all of the surface
area exposed to the probe molecule can be considered to be
external. A part of the TEMPO' may actually penetrate the narrow
interlayers with some difficulty, producing the broad background
signal. However, the external surfaces of the vermiculite behave
much differently from the "external" surfaces of H,0-expanded
hectorite, permitting very rapid, sclution-like, random motion
of TEMPO*, The vermiculite surfaces appear to interact weakly
with the probe, despite the electrostatic attraction between
TEMPO* and the surface. It is likely that the relatively strong
hydration of oxygen atoms on the vermiculite surface (10)
prevents direct probe-surface contact and preferred alignment of
the probe.

Very similar spectra to that obtained for the hydrated
Nat-vermiculite are produced for ET-, BU-, and BZ-solvated
vermiculite with AL;A||;§5.3, 15.0, and 14.5 gauss, respectively,
for the surface-adsorbed TEMPO*. The polarity of the solvent
influences the splitting value as expected from Fig. 3, but has
little influence on the strength of the probe-surface interaction
It is concluded that the vermiculite surface has less attraction
for TEMPO* in polar solvents because of the affinity of polar
molecules for the surface. In non-polar solvents, the probe is
attracted to the solution phase and does not orient on the
vermiculite surface. Similar solution-like isotropic spectra of
TEMPO* have been obtained on finely-ground micas equilibrated at

In Magnetic Resonance in Colloid and Interface Science; Resing, H., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1976.



12. ™Mc BRIDE Adsorbed Molecules on Silicates 135

Figure 7. Diagram of TEMPO" molecules adsorbed in inter-
lamellar regions between the surface oxygen atoms of hecto-
rite plates. The situations depicted are: (a) partially oriented
TEMPO® in expanded interlayers of hydrated hectorite; (b)
“immobilized” TEMPO" in interlayers of ethanol- and metha-
nol-solvated hectorite. (c) “immobilized” TEMPO" in inter-
layers of hectorite solvated in liquids of low polarity.
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Figure 8. ESR spectra of TEMPO*-doped Na'-vermiculite films equili-
brated over H,O (100% relative humidity) and oriented 1 and || to H

' 25 Gauss i
N . .

Figure 9. ESR spectra of Na'-hectorite films equili-

brated with a dilute (~ 10*M) solution of TEMPONE

and oriented | and || to H. The dotted line outlines the
spectrum of adsorbed TEMPONE.
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100% relative humidity. The position of negative charges of
vermiculite and mica near the surface of the silicate, as well
as the greater charge density and reduced swelling of these
minerals compared to smectites, accounts for their similar
behavior.

The TEMPONE-Hectorite System. Although studies of the
cationic probe, TEMPO*, have been shown to provide useful
information on the mechanisms of adsorption, use of a neutral
probe molecule permits the attractive forces between the molecule
and surface to be evaluated in the absence of electrostatic
interactions. For this reason, 2,2,6,6,-tetramethyl-l-piperidone
N-oxide (TEMPONE) was dissolved in various solvents and equili~
brated with Nat-hectorite.

The ESR spectra of aqueous TEMPONE (¥10-4M) added to
oriented Na*-hectorite films (Fig. 9) consist of an isotropic
three-line spectrum due to TEMPONE in free solution as well as
a superimposed spectrum of adsorbed TEMPONE (dotted line) with
an orientation dependence similar to the spectrum of adsorbed
TEMPO* on hydrated hectorite {Fig. ha). Evidently, the lack
of charge on the probe molecule does not influence the surface-
molecule interaction when adsorption occurs, but does allow
many of thﬁ probes to remain in solution. The TEMPONE dissolved
in ET(¥10~"M) appears to be adsorbed by Nat-hectorite, since the
spectrum demonstrates a nearly isotropic signal (A[=14.8 gauss,

J =15.3 gauss) with values of T, similar to those for ET-

vated TEMPO*-doped hectorite (0.3-0.5 x 10-9 sec.). The

probe apparently occupies interlayers, having about a 20 times
reduction in mobility compared to solution., In addition, a small
raction of the probe is immobilized with the N-0 axis oriented

to the ab plane of the silicate, as indicated by the weak broad
signal (Fig. 10a) similar to the immobilized TEMPO* present in
ET-solvated hectorite. The adsorption of TEMPO' and TEMPONE on
the ET-solvated system have similar characteristies, again
suggesting that the similar chemical nature of the two probes
determines the mechanisms of surface interaction, while the
charge of TEMPO? simply insures that it is not free to enter the
solutﬁon phase. The spectrum of TEMPONE dissolved in BZ
(Y10~"M) and added to dry Na*-hectorite (Fig. 10b) further
demonstrates this principle. The spectrum consists of a broad,
orientation~dependent signal due to TEMPONE aligned in inter-
lamellar regions that are partially collapsed in BZ. This
signal is very similar to that of TEMPO* in BZ-solvated hectorite
(Fig., 6a). However, an isotropic three-line spectrum of
solution-like TEMPONE is superimposed on the broad signal,
probably representing weakly adsorbed or solution TEMPONE in
equilibrium with the immobile interlamellar probe.

Conclusions

The use of nitroxide spin probes for adsorption studies on
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surfaces is a relatively new technique that promises to provide
fundamental information on molecular adsorption processes. This
study has shown that the surface-adsorbent interaction is modi-
fied by the solvent present and the nature of the surface. The
adsorbed molecule has two features which distinguish it from the
solution probe--a reduced rotational correlation time and
non-random tumbling at the liquid-surface interface. The reduced
correlation time has implications for the reactivity of adsorbed
molecules and the ability of these molecules to diffuse.
Non-random tumbling is a result of direct molecule-surface
contact. Such contact occurs on hydrated smectite surfaces
because of the weak attraction of these surfaces for water mole-
cules. However, on the more highly charged vermiculite surfaces,
the probe molecules do not adsorb directly because of the
solvation of surface oxygens by water. Future adsorption

studies on various types of surfaces using spin probes with
different chemical characteristics are likely to produce further
understanding of the processes of physical adsorption.

. 25 Gouss .
—H
1 /
o] /———_—__
I | : ,

Figure 10. ESR spectra of Na'-hectorite films equili-
brated with dilute (~ 10*M solutions of TEMPONE in
(a) ethanol, (b) benzene and oriented | and || to H

In Magnetic Resonance in Colloid and Interface Science; Resing, H., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1976.



12. McC BRIDE Adsorbed Molecules on Silicates 139

TABLE I: Rotational Correlation Times (x109 sec.) and Hyperfine
Splitting Values (gauss) for Adsorbed and Solution

TEMPO™*.

Rotational Correlation Timel Hyperfine Splitting V»alue"=
Solvent* Solution Adsorbed Sol'n (A4) Adsorbed

oD (D AL Al

Ho0 0.053 2.63 1.48 17.0 19.2  15.5
ME 0.012 0.25 0.2h 16.0 15.7 15.8
ET 0.023 0.4  0.55 16.0 15.5 15.6
PR 0.061 0.38 0.55 16.0 15.3 15.5
BU 0.087 0.60 0.L7 16.0 15.2  15.h4
AM 0.103 immobile 16.0 33.6 15.9
BZ 0.036 immobile 15.3 31.2 13.9
CT 0.011 immobile 15.0 31.2  12.8

#Solvents are 1isted in order of decreasing dielectric constant.

tValues of T. were calculated by the method described by Sachs
and Latorre?l). Te of the mobile adsorbed probe was determined
for both _J_ and ||orientations of the silicate.

*Splitting values were determined for the predominant form of
adsorbed TEMPO*.
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TABLE II: Basal (dpg)) Spacings of Nat-hectorite in Solvents
with Different Dielectric Constants (e).

Basal Spacing (R)

Solvent _E_ Nat-hectorite TEMPO*-doped hectorite
HoO 78.5 >>25 18w
ME 32.6 17.0 17.0
ET 24,3 17.0 16.9
PR 18.3 1L.2 14.7
BU 17.1 13.6* 1L4.6
AM 1.7 14,5% 14.8
BZ 2.3 ML xh.2
CT 2.2 13.0% 13.8

#Broad diffraction peaks indicating randomly interstratified
spacings of hectorite interlayers.
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ESR Studies of Radicals Adsorbed on Zeolite

J. SOHMA and M. SHIOTANI
Faculty of Engineering, Hokkaido University, Sapporo 060, Japan

Introduction

It has been established that ESR studies on radicals adsorbed
on a zeolite provide important information on interactions between
the adsorbed radicals and the adsorbent.(1-6) Interesting finding
of an extra-coupling was reported on the ethyl radical adsorbed
on the zeolite.(7) Furthermore, observed changes in anisotropy of
hyperfine couplings and g factors may be helpful to elucidate
motion of the radicals trapped on the zeolite. Thus 1t seems
interesting to study the details of ESR spectra from simple
radicals, such as methyl or amino, trapped on zeolite and to
discuss natures of the trapping sites of the zeolite in relation
to behaviors of the trapped radicals.

Experimental

The zeolites used in the experiments were Linde molecular
sieves, 4-A supplied by the Union-Carbide Corp in U.S.A. and
Nishio Industry in Japan. The zeolites were heat-treated under
vacuum (ca. 1074 Torr) for five hours usually at different tempe-
ratures from room temperature to 550°C after initial pre-heat-
treatment in air. Gases were introduced through either a break-
seal or a cock to the zeolite contained in a spectrosil ESR sample
tube at -196°C and allowed to adsorb on the zeolite up to room
temperature. The samples used were: normal methane, 99.77% purity,
obtained from Gaschro Industry; deuterated methane, CD,, 99
atomic 7%, from Stobler Isotope Chemicals, ethane and normal
ammonia, 99.5% purity, from Takachiho Chemical Co. and 1sotopic
ammonias, l!5NH3 and ND,, 97% purity, from Merk Sharp Dohome. The
ammount of gas adsorbed was controlled and checked by measuring
the pressure drop in a known volume. Radicals were produced at
-196°C by y-irradiation from 809Co source to the gas adsorbed
zeolites. Total dose per sample was 0.2-0.5 Mrad. ESR spectra
were recorded in the temperature range from -196°C to +50°C by
JEOL JES-PE-1 spectrometer operating at X-band with 100 KHz
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(A) 65°C
(B) 80°C

(C) 125 ¢C "

(D) 250°C

Figure 1.
(A) -196°C
(B) -145°C
Ho
(C) -125°C
(D) - 55°C
N
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Figure 2.
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modulation., Temperature of a sample in the ESR cavity was con-
trolled by an attached variable temperature unit.

Types of Methyl Radicals Adsorbed on the Heat-Treated Zeolites

Methane on Very Weakly Heat-Treated Zeolite (Heat-Treatment
Below 50°C).

The ESR spectrum observed at -196°C after y-irradiation
consists of a broad central band and a doublet with the separation
of 508G from a hydrogen atom. This broad spectrum is completely
different from any spectrum of the methyl radicals and identical
to that observed from a y~irradiated zeolite adsorbing no methane.
Apparently no methyl radical 1s stabilized at -196°C in the
zeolite heat-treated below 50°C.

Methane Adsorbed on Mildly Heat-Treated Zeolite. (Heat-Treat-
ment at ca. 80°C).

The ESR spectrum observed at -196°C in this case 1s repro-
duced as (B) in Fig. 1. It appears to be nearly a quartet with
several satellites. Apparently the spectrum is different from
that of the normal methyl, but the separation of the main quartet,
22.3G, 1s close to the normal one. It was found that the spectrum
changed its shape with rising temperatures and the spectrum
observed at -55°C was identical with normal one, as shown in Fig.
2. The temperature variation of the line shape was completely
reversible except for the small decrease in the total intensity.
The spectrum shown in Fig. 3 (A), which was observed at -196°C
after warming to -55°C, may be analysed as a quartet modified with
the anisotropic coupling originating from an additional proton.
The spectrum derived from this assumption is represented by the
stick diagram in Fig. 3 (B). In this spectrum parameters used are
following: 18.9G and 8.4G for A, and Ay of the extra proton
coupling and 22.3G for the methyl protons, respectively. The
correspondence of the main peaks of the observed spectrum with the
stick diagram seems satisfactory. These experimental results
indicate strongly that the radical species responsible for the
spectrum is the methyl radical having coupling with an additional
proton, namely HqC: -:- H+, in which the unpaired electron inter-
acts with the extra proton mainly by the dipolar coupling. This
species 18 called an abnormal methyl radical (I).

Methane Adsorbed on Strongly Heat Treated Zeolite (Heat-Treat-
ment at ca. 250°C).

The ESR spectrum observed from irradiated methane adsorbed on
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strongly heat-treated zeolite is shown as (D) in Fig. 1. The
pattern 1s different from either one of the normal methyl radical
and the abnormal methyl radical (I). Although there are several
diffuse peaks in the spectrum, it is principally a double triplet.
This simulated pattern, which is derived from the assumption that
the methyl radical has an anisotropic g factor with two equivalent
protons and one non-equivalent one, is shown in as (C) in Fig. 4
together with the observed spectrum (A). The used parameters are
gy = 2.0023, gy = 2.0032, A% = 21.8, A% = 23.2 for equivalent two
protons, Al = 37.8G, Ali= 35.6G for the other proton and ABpgl
(Lorentzian) = 1.3G. The agreement between the observed double
triplet and the simulated one (B) is satisfactory, if one neglects
the diffuse peaks. The methyl radical giving this spectrum is
called an abnormal methyl radical (II). This radical is unstable
on warming and begin to decay above -160°C near boiling point of
CHy (-161.7°C).

The ESR spectra observed for the methyl radical trapped in
the zeolites heat-treated in the temperature range between 80°C
and 250°C are mixture of the two spectra of the abnormal methyl
radicals (I) and (II). An example of this spectrum is shown as
(C) in Fig. 1. ©No ESR spectrum was observed for y-irradiated
methane, which had been trapped in the zeolites heat-treated at
temperature above 500°C. The detailed identifications of these
spectra was published in the other paper. (9)

Ethyl Radical Adsorbed on Zeolite (7)

The zeolite used in this experiments was heat-treated for
three hours at 150°C. ESR spectrum observed at ~125°C from y-
irradiated zeolites adsorbing ethane showed clear multiplets as
shown as A in Fig. 5. The spectrum is definitely different from
that of the ethyl radical either in liquid phase, (8)or in
adsorbed state on silica gel. (lg) The main features of the
spectrum agree with that obtained by assuming that each line of
the spectrum (8) (Fig. 5-C) of ethyl radical is split into a
doublet, as shown in Fig. 5-B. A spectrum simulated from the
above-mentioned assumption is shown as "D" in the same figure. In
this simulation the couplings of 28.7G and 21.4G were taken for
the three B protons and the two a protons, respectively, in the
ethyl radical, and 8.0G for the separation of the extra doublet
and 7.0G for the line-width. The above assumed values for the
couplings of both B and a protons in the ethyl radical are nearly
equal to 26.9G and 22,4G, respectively, which are the reported
values (8) for the ethyl radical. From the close similarity
between the observed spectrum and the simulated one it is con-~
cluded that the observed spectrum is the spectrum of the abnormal
type of ethyl radical having the coupling with an additional
proton, namely H3C-CH,* +++ HT . The spectrum was observed from
the ethane adsorbed on the zeolites, which had been heat~treated
at higher temperature, such as 550°C, although no spectrum from
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the y-1irradiated methane was adsorbed on such a very strongly
heac~-treated zeolite. The spectrum from the trapped ethyl radical
obtained under this condition was interpreted similarly as that
from the abnormal methyl radical (I) mentioned.

Types of the Adsorbed Amino Radicals

Ammonia Adsorbed on Mildly Heat-Treated Zeolite.

a) High coverage with ammonia (ca. l.7x10-2 mol/gr.):
Nearly 1.7x10°2 mol. of ammonia was adsorbed per one gram of the
zeolite. 1In such a higher coverage each cavity in zeolite is
almost full with ammonia molecules. An example of the ESR spec-
trum observed at -196°C from the irradiated ammonia highly
adsorbed on the mildly heat-treated zeolite is shown as A in Fig.
6, which 1s a broad quintet. This i1s a typical pattern observed
for the radical possessing anisotropic hyperfine and g tensors
which 1is trapped in either amorphous or polycrystalline matrix.
This spectrum is quite close to that (11) observed from the irra-
diated aqueous solution of ammonia in glassy state. From the
close similarity between the observed spectra one may taken NH,*
radical surrounded with water molecules as the radical responsi-
ble to the spectrum. It was found that this radical was unstable
and almost decayed out at -80°C. This unstable, water-surrounded
NH,* radical is called NH,+ (I). The well-resolved spectrum,
shovm as B in Fig. 6, was observed at -75°C after the decay of
the radical NH,+ (I) although the spectral intensity decreased to
nearly one tenth of the initial one. This spectrum is almost
isotropic and apparently a triple-triple (Fig. 6-C), in which the
coupling constant a?so
the nitrogen aisg is 11.7G. This identification was reconfirmed

by using the deuterated ammonia ND3. The spectra observed at
~30°C is reproduced in Fig. 7. As shown in same figure the
observed pattern is explained by a superposition of the two
spectra from NDp+ and *NDH. This stable radical survived above
-80°C 1is called amino radical (II). 4

b) Low coverage of ammonia (ca. 8.5x10 @ mol/gr.): Appro-
ximately 8.5x10™" mol of ammonia was adsorbed on one gram of the
zeolite. 1In such a low coverage only one ammonia molecule or
less exists, on average, in a cavity in the zeolite. The ESR
spectrum observed at -196°C under these conditioned looked
similar to A in Fig. 6. After decaying the unstable NH, radical
(I) by annealing the sample at room temperature, the line-shape
observed at ~196°C was a little but clearly changed to that shown
as A in Fig. 8. The radical, which gives the spectrum and is
survived after annealing, is so stable that one could follow the
temperature variation of the spectrum up to 50°C, as shown in
Fig. 8. One can identify the radical as NH,* by comparing the

of the two protons is 23,.5G and that of
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well resolved and completely isotropic spectrum D with the stick
diagram in the figure. This stable amino radical which 1is iden-
tical to the NHy+ (II). The relative ratio of the stable NH,
radical (II) to the unstable NH, radical (I) was increased with
decreasing in the amount of coverage of ammonia.

The spectrum observed at -65°C is shown as A in Fig. 9. The
major part of this spectrum is almost same to the spectrum C in
Fig. 8 but there 1is apparently other component consisting of the
thirteen lines with a separation of 14.6G, which were not clearly
apparent at the low gain of the spectrometer. It was found that
the same 13-line component was observed even when the isotopic
15NH3 was adsorbed. This fact indicates that thils spectral compo-
nent does not originate from the adsorbed ammonia. The observed
relative intensities of outer most peaks of the 13-line component
were experimentally determined to be 1:3:8:15:7:7:2:2:20:10:4:1,
If one assume a radical Naﬁ+ (1(%3Na) = 3/2), the relative inten-
sities of the expected 13-line spectrum is 1:4:10:20:31:40:44:40:
31:20:10:4:1, Agreement between these relative intensities is
rather satisfactory if one take account of the fact that the main
part of this spectrum is obscured with the other component. Thus,
it seems plausible to attribute this 13-line spectrum to the
radical Na&+.

Ammonia Adsorbed on Very Strongly Heat-Treated Zeolite (Heat-
Treatment at ca. 350°C).

a) High coverage with ammonia (ca. 1.7x10_2 mol/gr.): ESR
spectrum observed at -196°C in the high coverage of ammonia on
this heat-treated zeolite appeared as a broad quintet, which is
similar in the main character to that shown in Fig. 6-A. However,
the maximum separation in this case was found as 121G, which is a
little smaller than that, 126G, in the case of the mildly heat-
treated zeolite. And the radical was so unstable as to decay out
at lower temperature, such as -150°C. One could not observe a
well-resolved spectrum, which is merely obtained at higher temper-
atures. It was hard to identify clearly the responsible radical
on the basis of such unresolved spectrum. However, similarity
between the patterns observed at -196°C, as mentioned above, leads
one to presume that the responsible radical is NH,*(I), character-
istic behaviors of which are the smaller maximum separation and
rapld decay at lower temperatures. -4

b) Low coverage of ammonia (ca. 8.5x10 mol/gr.): The ESR
spectrum observed at -196°C from the irradiated zeolite covered
thinly with ammonia was again a broad quintet similar to those
observed at the same temperature in the various cases. Resolution
of the spectrum increased gradually with the raised temperatures
up to -100°C, from which the signal intensity was found to
decrease. The well-resolved spectrum observed at -120°C showed
additional four line structure on each hyperfine line of the amino
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radical, NH,* .

An example of the observed spectrum is reproduced in Fig. 10
and the analysis of the spectrum is shown with stick diagram in
the same figure. Apparently the correspondence between the peaks
of the observed spectrum with the stick diagram is satisfactory.
Thus, the spectrum is interpreted as being due to a 14NH, + radical
interacting with a neucleus of 3/2, which is most likely to be the
sodium 23Na in the zeolite A, namely NHy* -~ Nat. The ESR para-
meters, which were experimentally determined from the correspon-
dence, are Ay = 37.7G, Ay = 0+0.5G for 14y, Ajgo= 24.8G for the
two equivalent protons ajg,= 3.2G for 23Na and By = 2.0041, g4 =
2.0048. When the isotropic ammonia, 15NH3 was used instead of the
normal ammonia, the spectrum observed under the same experimental
conditions became simpler due to spin 1/2 of the 15y nucleus, as
shown in Fig. 11. Analysing the spectrum from 1SNH{ in the
similar way one obtain Ay = 52,1G, Ay = 020.5G for 5N, aiso=25.lG
for the protons, a4g0=3.26 for 23Na. The agreement between the
corresponding coupling constants of the proton and the sodium in
these two kinds of the amino radicals are excellent. The ratio of
the coupling constant with the !5N neucleus to that of the 1N was
experimentally obtained as 1.44, which is quite close to the ratio
(1.43) of the magnetic moments of the two isotopes of thenitrogen.
These quantitative agreements confirm the assignment of the spec-—
trum to the amino radicals interacting additionally with the 3Na
nucleus.

It is worthy to note that appearance of the additional quar-
tet by the heat-treatment was irreversible. Once it appeared at
the elevated temperatures and the main characteristics of the
spectra were preserved even at lower temperatures like -196°C.
This fact indicates that the trapping site, at which the super-
hyperfine with the sodium appears, stabilizes the trapped amino
radical.

Molecular Motions of the Adsorbed Radicals

Methane.

In the analysis of the spectrum from the abnormal methyl
radical (I), CHz* --- gt , the coupling with the additional proton
1s assumed to be anisotropic in spite of the isotropic coupling
with the methyl protons and 13C. This difference in the aniso-
tropy on these couplings may provide us an interesting information
on the molecular motion of this methyl radical. Suppose a methyl
radical trapped on an adsorbing site having a proton which gives
additional coupling. The center of mass of the methyl radical is
assumed to be fixed at 77°K at the position separated w from ut.
(see Fig. 12) and to rotate randomly around this fixed point.

From these assumptions, the coupling constants with protons and
13¢ are averaged to appear isotropically but the extra coupling
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with the additional proton shows anisotropic cou lin§ because the
angle between the static field H and I is not tgme ependent.,

Thus, the experimental results indicate that the methyl radical
randomly rotates around the fixed point which is sufficiently
close to produce an extra coupling with the proton in the zeolite
matrix.

It was also found that the spectrum attributed to the abnormal
methyl (CHy. *-* H+) changed its line-shape from the complicated
shape to the simple quartet upon warming, which is identical to
the normal methyl spectrum, as shown in Fig. 2. This change in
the line-shape was completely reversible. Based on the model men-
tioned above the disappearance of the additional coupling with the
extra proton means an averaging of the anisotropic hf coupling
with the extra proton. Because, comparing the stick diagram with
the observed spectrum in Fig. 3, one can determine the perpendicu-
lar component, Ay , of the extra proton from the separation of the
maximum slope of the main peak marked with asteroids and the tem-~
perature variation of this separation from Fig. 2. The rotational
correlation time T, of this molecular motion can be determined
from this averaging of this anisotropy by using the equation
derived by Freed and his collaborators. (13)

Te = 5.4x10710(1-g)1-36

S = A (T)/AL(-196°C)
where A (T) means A, component at a temperature T. An arrhenius
plot of the 1. was found to be linear in the temperature range
between -~196°C and -120°C. The activation energy of this mole-
cular motion 1s obtained as 1.5 Kcal/mol from this plot.

Ammonia.

It was mentioned that the NH,*(I) radical, which was produced
in the high coverage, 1s more unstable and decays at lower tempera-
ture. And also the extreme separation in this case 1is smaller
than the other. These facts suggest that the NH, ' (I) radical is
more mobile than the other trapped in the different conditionms.
Spectral change of the stable radical, NH,* (II), which is shown
in Fig. 8, is used to estimate the temperature variation (Fig.13-
A) of the extreme separation (marked with the arrows). Inserting
the observed separations at various temperatures into the above
equation the correlation time 1. at each temperature was evaluated
for the radical(II) as well as the radical(I). From the Arrhenius
plots, shown in Fig. 13-B, the activation energies for the NHZ-(I)
and NH,:(II) are obtained as 0.7 Kcal/mol and 2.8 Kcal/mol,
respectively. It is worthy to note that the activation energy is
parallel to the stability of the trapped radicals; the smallest
for the most unstable NH,° (I), medium value for the unstable CHj*
-+ HY, and the highest for the most stable NH,- (II).

Natures of the Various Trapping Sites
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It is well known that a stocked zeolite adsorbs water in air
and the surface of the zeolite is covered with water molecules if
it 1s not sufficiently heat-treated. By heat-treatment the water
molecules are desorbed and degree of desorption may be dependent
on severity of the heat-treatment. No ESR spectrum observed from
the methane adsorbed on no treated zeolite means that such a
zeolite can not stabilize the methyl radical. This is probably
because surface of no treated zeolite is covered with water mole-
cules which inhibit adsorptivity for methane. ESR spectrum, which
was observed from the abundantly adsorbed ammonia on the mildly
heat-treated zeolite, is almost same to that from the ammonia
radical trapped in glassy aqueous solution. This similarity
strongly suggested that ammonia molecules trapped in the mildly
heat-treated zeolite are surrounded with water molecules as in
the aqueous solution. This model may be supported by the fact
that some of the radicals produced from deutrated ammonia NDj; were
found to be the type of NDH-, which i1s formed by an exchange with
a hydrogen from the surrounding molecule, presumably water molecule.
In such trapping circumstances, the trapped amino radical (NH,:(I))
1is unstable and mobile and the potential barrier for detrapping is
rather small. The activation energy 0.7 Kcal/mol obtained from
the correlation time might be taken as an energy depth for libera-
tion from .the trap. In same heat-treatment the stable amino
radical NH, (II) was found as minor component in the high coverage
and major component in the low coverage. This fact seems to
suggest that the sites, at which the amino radicals are trapped
more strongly, are limited in number and covered selectively with
ammonia molecules in early stage of the adsorption. It is very
likely that this kind of site is that near silanol group, -Si-OH,
on the zeolite surface, at which ammonia molecule interacts rather
strongly to the surface. The activation energy obtained for the
molecular motion of this stable NH,- (II) radical might be consid-
ered as a measure of energy depth for trapping. If so, 2.5Kcal/
mol 1is larger than that for unstable trapping.

On the additional couplings with the extra proton, which were
found for both methy radical (II) and ethyl radical, the experi-
ments were designed to determined what is the origin of the extra
proton. In the similar experiments with deutrated methane no
superhyperfine with the extra proton was observed. (9) This fact
demonstrates that this extra proton originates from the adsorbed
methane molecule. It was also concluded that the extra proton
coupling with ethyl radical comes from the adsorbed ethane. (7).
And the extra proton is not mobile but fixed on the zeolite sur-
face, as shown in Fig. 12. These results can be used to build up
a picture for trapping as follows; Methyl molecule detach hydro-
gen atom by receiving the energy from the zeolite matrix which
primarily absorbs the energy of radiation, and this detached
hydrogen 1s trapped at the site which oxidizes the trapped hydro-
gen to the proton. This proton trapped and stabilized on the
oxidizing site on the zeolite matrix acts as a trapping site for
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a methyl radical, which experiences the super-hyperfine interac-
tion with the trapped proton. The activation energy, 1.5 Kcal/mol,
of the molecular motion of the radical, which is trapped at such
site, might be regarded as an approximate energy depth for the
trapping. By warming up the zeolite having such methyl radical
(I1), the methyl radical is now liberated from the trapping site
and become the normal methyl radical. By cooling down the sample
the spectrum changed reversibly and the radical seems to be
trapped again at the same type of the trapping site.

Ionic sites, like Na+, on the zeolite may become a strong
trapping site for a polar molecule like an ammonia. However, such
an ionic site is presumably hiding deeply in the adsorbed water
layers and is only accessible when the adsorbed water molecules
have been sufficiently desorbed by very strongly heat treatment,
such as 350°C. And density of such a site is so small, probably
one site in one cavity, that the sites are occupied with ammonia
molecules even when the coverage of ammonia is less than mono-
layer. This kind of argument could explain the fact that NHp+ *-°
Nat radical was observed only in the low coverage at the very
strongly heat-treatment.
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Recent Progress in Semiconductor Surface Studies by

EPR

D. HANEMAN

School of Physics, The University of New South Wales, P.O. Box 1,
Kennsington, N.S.W. 2033, Australia

The use of electron paramagnetic resonance tech-
niques in studies of surfaces, interfaces and
adsorbed species has been described (l1-3). 1In this
paper we review some recent and current studies of
interest. Perhaps the most significant advance has
been the elucidation of the gas-sensitive resonance
from silicon, with the highlighting of several new
properties and concepts, and the concomitant evidence
regarding the nature of amorphous films. There is
also considerable interest in the surface of GaAs,
and EPR has been useful in helping to elucidate aspects
of the surface structure. It has long been wondered
whether the rich many-line EPR spectrum of molecular
oxygen would show detectable effects in the adsorbed
state and we describe recent studies on this. In the
cases of Si and GaAs, no new lines were observed but
some broadening effects on the 0, lines seem to be
present. Surface studies are particularly sensitive
to contamination and an interesting and initially
unsuspected source of this was discovered in the case
of semiconductor samples vacuum crushed in a container
with a stainless steel 1id. A few microscopic
fragments of Fe;0, (magnetite) became mixed with the
sample and displayed remarkable effects including a
field induced phase (Verwey) transition. Direct
evidence of the slowness of powders to attain
equilibrium temperatures was obtained from these
studies by taking advantage of the temperature
sensitivity of the phase transition in the magnetite.

A new category of information is obtainable from
spin dependent conductivity effects using EPR
techniques. At least two paramagnetic centres in the
surface region of Si have been detected which are below
the detection limits of conventional EPR techniques.
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Figure 1. Effects of exposure to oxygen upon maximum photovoltage that is developed
when split in Si is scanned by fine light spot. Also shown is effect upon inverse of EPR
signal height, obtained from vacuum-crushed Si.

SILICON

o0 A- _._._._._.\.‘ 100 ohm c¢m n-type

®.
~
[ 28

. *e.
e,

- ~
kJ\,—f—.‘——"—‘.m Q\.
E ~8 \o\
100 o} o} o — 0 \-‘\ 0\.
(EPR inverse signal — " ° l.l.,’.

1 height ) \ .-

PHOTOVOLTAGE (arbitrary units)

T T T T T 1
o 107 0% g w6t 100 1w6d w0

MOLECULAR HYDROGEN EXPOSURE

(torr mins)

Figure 2. Effects of exposure to hydrogen upon maximum photovoltage

that is developed when split in Si is scanned by fine light spot. Also shown

is effect upon inverse of EPR signal height, obtained from vacuum-crushed
Si.
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Gas-Sensitive Paramagnetism in Si and Ge

It has long been known that Si gives an EPR signal
(g = 2.0055, width about 0.65 mT) when crushed, abraded,
chipped, cleaved, cracked or heavily ion bombarded (3).
When crushed or fractured in ultra high vacuum, the
signal is affected by molecular oxygen, hydrogen and
water vapour, but not noticeably (few percent changes)
until exposures of order 10~* torr min are used. This'
is in contrast to the behaviour of surface sensitive
properties such as photoemission which are affected at
exposures of order 10~® torr min and yet are only
slightly affected by molecular hydrogen. The latter,
surprisingly, has a strong effect on the EPR signal.

These phenomena remained a puzzle for many years.
Many attempts were made to explain them but all were
open to serious objection in the form of incompatible
experimental data. Recently however the matter has
been cleared up and the explanation (4) accounts
for a wide variety of previously apparently incompat-
ible results.

We present here a brief summary of some of the
key data. The relatively slow gas response of the EPR
signal was reminiscent of the gas response of surface
barriers at the surfaces of fine cracks studied
separately previously (5). The parameter measured was
the photovoltage which is the maximum voltage developed
at ohmic contacts on either side of a split which is
scanned by a fine light or electron beam, and is
related to surface barrier height. This in turn is
related to gas adsorption. Figure 1 shows changes as
a function of oxygen exposure of both the photovoltage
across a carefully prepared crack in Si, and also
the inverse of the EPR signal height from vacuum
crushed Si. Figure 2 shows a similar correspondence
when molecular hydrogen exposures are used. The
explanation of the slow response in the case of the
cracks is straightforward - the effective exposure of
surfaces in a narrow fissure is less than that of
external surfaces by a factor which is roughly the
ratio of the surfaces of the crack to the surface of
the jaw ogening. This factor (&) can be in the range
10* to 10°. Hence an exposure of 10~ "% torr min may
correspond to only 10™% torr min in the crack, i.e.
the surfaces at the crack are just as sensitive to gas
as free surfaces, but see an effectively much lower
amount of gas per unit area than external surfaces.

This explanation not only accounts qualitatively
for the magnitude of the exposure effects on crack
surface photovoltages but also accounts for the effects
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of molecular hydrogen. The latter has a low sticking
coefficient on free surfaces and bounces off, but
molecules heading into the crack become temporarily
trapped, as shown in Figure 3, with a correspondingly
longer residence time in contact with the crack
surfaces.

The behaviour of the EPR signal in these two
respects (relatively slow for oxygen, slow but
relatively large for hydrogen) is gquite analogous to
that of the crack surfaces barriers and strongly
suggests that EPR centres are present in cracks. A
single prepared crack has too low an EPR signal to be
detected. However the hypothesis was tested by creat-
ing a large number of cracks in a specimen by multiply
indenting it with a diamond point. This produces some
crushed particles, which were removed by ultrasonic
cleaning, and in addition a set of cracks. The EPR
signal from such specimens was measured as a function
of the load P applied to the point, and the results
are shown in Figure 4. Note that the signal S is
proportional to P*/3. Now studies of transparent
specimens have shown both theoretically and experiment-
al%y (7) that the crack radius r is proportional to
p?! Therefore

S « p*ls= (lea)z « r? « A

i.e. the EPR signal is proportional to the crack area
A. This is good confirmation of the hypothesis.

It was shown (4), by scanning electron microscope
studies of fracture surfaces, that microcracks were
more prevalent than previously realised, and in
particular were not infrequently found to be present
under steps, as shown schematically in Figure 5. By
comparing the number of spins with the surface areas
of the cracks in the indentation experiments, the
spin density was shown (4) to be in the region of 1
spin per few crack surface atoms. From comparison of
crushed powder signal intensities and surface areas,
one requires cracks to be present in a surface region
of area F such that the crack surface area is in the
region of F/4. From inspection of scanning electron
microscope pictures, this is readily possible.

The temperature behaviour of the EPR signal was
close to T~! which is usually characteristic of
localised centres. However no such centres could be
postulated which fitted the evidence. It was
concluded that the centres were in fact localised
states on the surfaces of the cracks. The reasons for
localisation taking place were as follows.
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Figure 3. Schematic showing entry and temporary entrapment of hydrogen molecules
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(a)

Figure 5. Schematic of crack under step
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Figure 6. Wave function overlap (10) as function of spacing of nuclei, for various
atomic wavefunctions. At bulk spacing of Si, 0.235 nm, 2« = 1.34 for sp® functions.

Figure 7. Schematic of crack
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When two surfaces are placed opposite each other
in close proximity as in a crack, the wave functions of
the surface electrons on one side can overlap with
those on the other side. The charge density contours
of outer electrons on Si surface atoms have been
computed (8,9). They become very small (few percent
of maximum value) at a distance of about 0.25 nm from
the nucleus, so that overlap at a spacing of more than
0.5 nm becomes very small. A similar conclusion is
reached from calculations (10) of wave function over-
lap at two spacings performed previously. As shown in
Figure 6 the overlap is most for the case of in-line
p orbitals, but even in this case it becomes slight
after about 0.5 nm. Hence in order for appreciable
effects to occur, the spacing between the surfaces must
be less than about 0.5 nm. (These remarks refer to
<Y/Y> whereas the important quantity is <y/H/Y> where
H is the interaction Hamiltonian. The latter is harder
to calculate but its range will be similar to that
of <yY/yv>).

This figure enables us to make a gquantitative
check. For special controlled cracks studied by X-ray
transmission topography (6), the jaws of an approxi-
mately 0.5 mm long crack could be as little as 1.5 nm
apart, due presumably to slight step mismatch (there
was a measurable shear of about 2 nm at the jaws), or
perhaps to microscopic (order Angstroms) debris. The
shape of the crack sides for such cases is not readily
calculable exactly, but lies between straight and
parabolic. Let half the spacing of the sides be y,
at a distance x from the crack tip, as in Figure 7.
Then for straight sides y = ax where o is a constant.
Taking the above case, y = 0.8 nm at x = 0.5 mm, we
obtain o = 1.6 x 107%. Then at y = 0.25 nm, x = 0.lémm
i.e., 30% of the crack has a spacing of less than
0.5 nm. This case of straight sides is extreme. For
a more likely parabolic case we put

and, with the former boundary condition, one deduces
a=3.2x10"%m™!'. Aty =10.25nm, x = 0.28 mm, i.e.
60% of the crack has a spacing of less than 0.5 nm.
Hence in general about 30-60% of the crack is in a
condition of wavefunction overlap. If the microcracks
are not much different from the controlled cracks,
there is therefore ample scope for an EPR signal
corresponding to spins on about 10% of the crack area,
as discussed, provided there is something like 1
unpaired spin per several surface atoms in the overlap
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region. Most microcracks are much shorter than 0.5 nm,
so that the overlap extent would be even greater.
However they are produced under rougher conditions than
those used in the above experiments where the material
was very carefully separated. Hence in most naturally
occurring microcracks, shear and other distortions

are likely to be greater, so that the jaw openings
might be relatively larger than by extrapolating from
the above figures. Even so, a sizable proportion of a
crack must have sides within about 0.5 nm, if it is
only a small fraction of a mm long.

A. Properties of Overlap Regions. We now
consider the properties of the overlap regions in
detail. At the very base of the split, as indicated
schematically in Figure 8(a), we have a transition
from a healed region (5) to one with a finite gap.
Now the two sides of the split are subject to three
effects: (a) the separation increases towards the
mouth; (b) the original registry between them on an
atom-to-atom basis becomes lost due to shear, Figure
8 (b), since even the carefully prepared controlled
splits showed measureable shear in the non-healed
region. In those cases values ranged from 2.4 to
8 x 107% radians, giving about 3 nm displacement at
the mouth of a 0.5 mm split, and thus more than 0.1 nm
over most of it. Hence atoms are no longer opposite
their pre-cleavage neighbours; (c) contact regions
exist at the edges of topographical irregularities
such as steps on the faces of the split, and these
are centers of pressure causing deformation of the
material, Figure 8(c). The result of these three
effects is that, even in the 0.5 nm region of separa-
tion, the set of displacement vectors to opposite
surface neighbours for any surface atom varies from
site to site. Any individual atom is thus subject to
forces from atoms on the opposite surface, but these
forces vary from site to site since the shear
displacement and separation vary (increase towards the
jaw mouth), and the stress displacement varies also,
being centred at somewhat random points and lines.
This is a situation of varying potential which is of
the kind considered by Anderson (ll) and others. It
is hence a possible practical example of Anderson
localised sites.

B. Localised States. The criterion for
Anderson localisation has been discussed by various
authors (l11-16). The consensus is that localisation
occurs if the half width of the distribution of
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Figure 8. (a) Schematic of base of crack showing transition from healed to separated

region. (b) Top view of crack, showing shear of one side with respect to other. (c) End

view of crack showing pressure at contact between schematic protrusion on one side and
corresponding gap on other.
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potentials is about greater than the width of the band
resulting if all potentials were the same. The normal
state band has a width of about 0.3eV (8). The potential
disturbance due to the varying overlap can be
estimated for comparison with this figure. At the base
of the crack the overlap is strong, close to bulk, and
will be in the region of the single bond energy in
bulk Si, namely 2.37eV (17). When the separation of
the crack sides is more than 0.5-0.6 nm, the overlap
approaches zero. Hence the range of potential
disturbance is over 2eV, which easily exceeds 0.3eV
and thus fits the localisation criterion. Although
the disturbance varies somewhat monotonically as one
moves in a direction x along the split, since
separation and shear displacement are both functions of
x, this is broken up by the various pressures contact
points distributed over the split area. At the stress
origin, elastic displacement up to about 0.1 nm are
possible, corresponding to order leV potential
disturbance. This reduces roughly radially from the
center, falling to zero at a distance of about 0.2 mm.
(5) . However, the stress centers are spaced more
closely than this, so that every site is subject

to a different resultant stress. Hence the site
potentials at a given x are no longer identical.

If the above concepts are correct, then to agree
with experiment they must lead to a temperature
dependence of the paramagnetism x that is close to T™!'.
This was considered in detail (4). Without repeating
the mathematical details, the result (18) was obtained,
taking into account correlation corrections to one
electron theory, that

=1 2,2 Ns (Wo )
X 5 g ug — (kT + 21n2

where w, is the self interaction energy of two elect-
rons on the one site (correlation correction), A is
the width of the (assumed constant-density) band, g
is the g value, up the Bohr magneton and Ng the number
of states (orthogonal, localised). The result holds
also when interactions between electrons on neigh-
bouring sites are taken into account (19), provided
this term is not unreasonably large. Since wo/kT
is much greater than 21n2, the formula gives the
paramagnetism as inversely proportional to T, as
required by the measurements.

A variety of other properties of the signal were
also explained such as its slight variability in width
between samples, which is now due to differences in
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distributions of cracks between samples. Since
localised states still have a spread over a number of
sites, the explanation is consistent with the spread
nature of the wave function of the EPR centre as
deduced from the absence of discernible hyperfine
structure [expected from 5.7% abundant Si (29)] and
the effects of alloying Ge into the Si (20).

In the case of amorphous films the EPR signal (2),
both for Ge and Si, is usually identical with that
from crushed samples. This is now explained as due
to localised centres on the surfaces of the microscopic
aggregates making up the films. Here of course
localisation is endemic through the bulk whereas in
the crystalline materials the localisation on the
crack surfaces is due to the spatially varying
overlap of forces between opposite faces.

Gallium Arsenide

Some time ago it was found that vacuum crushed
samples of GaAs and AlSb, when exposed to oxygen at
liquid nitrogen temperatures, displayed an EPR signal
due to O7 ions adsorbed on the surfaces (22)}. In the
case of AlSb, hyperfine structure was detectable, which
enabled identification of the adsorption sites as Al,
and the conclusion that the dangling bond wave function
on the Al was over 90% p like. Although hfs was not
detectable from the GaAs, the signal was overall
very similar to that from AlSb, and similar conclusions
were made.

We have attempted similar experiments on single
crystal GaAs cleaved at uhv and exposed to oxygen at
low temperatures. A signal was at first not detect-
able but after a low pressure microwave frequency
discharge occurred in the oxygen, an EPR signal was
detected, which looked similar to that from GaAs
powder but a little narrower. Some preliminary
results, yet to be confirmed, suggest hyperfine
structure also was observable. The 07 signal occurs
readily on n type crushed GaAs but only weakly on p
type material, which indicates strongly that the Fermi
level at the surface is different for n and p type
material. Recent evidence suggests that it is pinned
with respect to the band edges for n type but not for
p type material (23). Our results are thus consistent
with this since the 07 energy level is apparently
close to the Fermi level on n type material, about
midway between the band edges at the surface. Hence
electrons can transfer from the bulk to the 0;, but
not in p type material where the Fermi level at the
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surface must be well below the 07 level, i.e. near
the valence band edge. The latter is expected if
there is no pinning for p type material, and this was
concluded from emission data (23).

Recently various theoretical calculations have
been carried out for GaAs (110) surfaces. (These are
the easy cleavage surfaces, and presumably predominate
in crushed material). A self consistent pseudopotent-
ial calculation for an unreconstructed surface (24)
finds the dangling bond charge to be localised on the
As surface and the empty state on the Ga, which thus
can accept the 07 adsorbate. However the wavefunction
was more s than p like, contrary to the EPR data (22),
and other estimates based on reconstruction (25,26).
It seems from this that reconstruction probably occurs
on GaAs surfaces and it would be useful to carry out
a self consistent calculation for such a case.

Molecular Oxygen Spectra

The EPR spectrum of molecular oxygen contains ove
100 lines due to transitions in rotational levels.
Some of these may be affected if the gas is in the
adsorbed state. An attempt was made to check this but
unequivocal effects could not be established. However
by working at pressures lower than those used previous
ly, many new lines were discovered (27). 1In all, over
220 lines were observed at 10~? torr in the magnetic
field range 0-1 Tesla. Some of these broadened
rapidly as the pressure increased, accounting for
their non detection in previous experiments at higher
pressures.

It has been reported (28) that for oxygen adsorbe
on amorphous carbon, two new lines with the same g
value but greater linewidths appeared at the positions
of the previous free oxygen lines. The authors
attributed these to chemisorbed and physisorbed
oxygen. However no such effects were found with
crushed silicon. A reassessment of the results on
carbon showed that the observed effects could be
explained by taking into account the broadening of
oxygen lines when the gas is in the fine pores of the
carbon, together with the effects of overmodulation.

Magnetic~Field~Induced Transitions in Small Magnetite

Fraggents

In some EPR experiments on semiconductors in
ultra high vacuum, a stainless steel cap covered a
small glass bowl in which a glass-coated rod crushed
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a specimen while in ultra high vacuum. The powder was
then tipped out in vacuo into a quartz appendage tube
protruding into a microwave cavity. On some occasions
a large background signal was observed (29) with
peculiar properties. It was traced eventually to
contaminant microscopic particles coming from the steel
cap. The particles turned out, somewhat unexpectedly,
to be Fe30,, magnetite.

An example of the unusual phenomena is shown in
Figure 9. Note that a portion of the broad resonance
totally disappears at a certain critical value of the
sweep magnetic field. This critical value varies over
a large range for a few degrees change in temperature.

The phenomena were explained (29) as due to a
Verwey transition, i.e. the ordering of Fe?* and Fe?*
ions on octahedral sites below a critical temperature,
giving ferrimagnetism. This transition is apparently
field dependent. The magnetite (Fe3;0,) presumably
forms during vacuum bakeout of the Fe;0; normally
present on the stainless steel surfaces, and tiny
particles are knocked off by contact with the semi-
conductor powder. This is of interest since the
nature of the oxide on stainless steel surfaces in
baked vacuum systems has not previously been
determined.

The temperature sensitivity of the value of the
critical field made it possible to estimate when
equilibrium temperature was attained in powder samples
containing the magnetite fragments. Volumes of Si or
GaAs of about 0.1 cc took at least 20 or more minutes
to equilibrate when cooled by about 50 K degrees via
a sapphire rod.

Spin Dependent Conductivity in Silicon

In the presence of a magnetic field both current
carriers and paramagnetic centres are subject to
Zeeman energy splitting. The interaction between
current carriers and fixed centres then contains a
spin~spin term which depends on whether the incident
and fixed spins involved are parallel or antiparallel.
If microwave radiation is used to alter the
population (spin up and spin down) of the current
carriers then the parallel and antiparallel
contributions to the interaction are altered in
relative magnitude, leading to a slight change in the
conductivity (30). By monitoring the conductivity as
a function of magnetic field, while irradiating with
microwaves and using optical pumping to get sufficient
current carriers, it was found possible to detect
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(a)

(b)
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Figure 9. Temperature variation of broad signal (12 db). (a) 103°K, (b) 98°K. Note

signal disappearance at critical field. (c) 95°K. Critical field has shifted. (d) For T —
90°K, no signal was observed, i.e. critical field shifted to near 0 Kg.
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Figure 10. Lock-in amplifier detection of

two peaks in conductivity of illuminated Si

sample during magnetic field scan. (Micro-

wave power modulated at 35 Khz, 500 nV
amplifier sensitivity).

paramagnetic recombination centres in very low
concentration at Si surfaces. We have used this
method on samples of different surface treatment and
found at least two different centres to be present,
as shown by the split peaks in Figure 10. Neither

of the centres is detectable by normal EPR techniques.
A number of interesting phenomena have been found in
the behaviour with strong illumination which have not
vet been clarified, but the evidence shows that the
centres are at or very near to the surface, possibly
associated with topographical irregularities induced
by the surface finishing treatment.
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Paramagnetic Defects in the Surface Region of Processed

Silicon

PHILIP J. CAPLAN
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Fort Monmouth, N.J. 07703

One of the most significant trends in the evolution of elec-
tronics has been the development of large-scale integrated cir-
cuits based on the metal-oxide-semiconductor (MOS) structure.
During the growth of this technology many physical and chemical
processes have been perfected which make it possible to fabricate
and evaluate satisfactory devices. As a result much has been
learned about the nature of the silicon or oxidized silicon sur-
face (1,2). Sensitive electrical measurements such as capacitance-
voltage measurements reveal the presence of very small concentra-
tions of impurities at the Si-S5i0; interface. Yet much of the
information is qualitative and more specific spectroscopic tech-
niques such as magnetic resonance have been explored to throw
additional light on this important area. As long ago as 1960 (3),
it was proposed that electron spin resonance (ESR), nuclear mag-
netic resonance (NMR), and even dynamic polarization experiments
might add significantly to the knowledge of the silicon surface.

Process Steps Generating ESR Signals

Let us consider some basic preliminary steps in the proces-
sing of a MOS device. A slice of monocrystalline silicon with a
given crystallographic orientation is cut off from a boule and
given a high polish. It is etched with a mixture of HF, HNO3,
and acetic acid, which removes the remaining damage region of the
surface. It is known that very shortly after the sample is etched
and exposed to air, an oxide layer forms of the order of 20 A in
thickness. Further processing requires, however, a thicker oxide
layer of perhaps 2000 X, which is grown by heating in oxygen in a
furnace at 1000° to 1200°C. We will not go further with the de-
vice fabrication, but will now show that the aforementioned pro-
cesses display associated ESR signals, as shown in Table I.

Before etching, the damaged surface region produces an ESR
signal with g = 2.0055, and about 5 gauss wide, which is readily
observable even at room temperature. After etching, the original
damage signal disappears, but a photoinduced ESR signal having
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Table I
Processes and ESR Signatures

Process g-value Other characteristics
Surface Damage 2.0055 Damage region is 1 micron deep
Standard Si Etch 2.007-2.008 Optically stimulated

2.003-2.004
Thermal Oxide Pp 2.000 In Si0p or Si near surface
Pg 2.002-2.010 In Si03 layer near interface
Pc 2.06-2.07 Extends many microns into
silicon

two components appears at an observation temperature of 77°,
After the oxidation procedure as many as three new resonances may
appear. They were denoted by Nishi, who first described them, as
Pp, Pp and Pgc. They also were observed at 77° and were shown to
depend on the details of the thermal oxidation.

Surface-Damage Signal

After this brief survey, we shall now consider the indivi-
dual resonances in detail. The surface-damage signal was the
first to be discovered (4,5). It occurred when a silicon surface
was sandblasted, polished, or crushed. By crushing into finer
powder an increasingly large signal is obtained. The signal was
independent of dopants in the silicon, occurring equally well in
n- or p-type. It disappeared, however, when about 1 micron of
the surface was removed by a chemical etch, thus indicating its
surface nature. A series of carefully designed experiments were
carried out to investigate the atomic nature of these ESR centers,
particularly by Haneman (6,7,8,9). In order to start out with a
chemically simple system, high-purity single-crystal specimens of
silicon were sealed off together with a glass slug in a high-
vacuum system with pressures in the range 10-8 - 10-9 torr, and
they were crushed in vacuum by shaking the glass slug within the
enclosure. The resulting powder, about 5 microns in size, dis-
played the typical strong surface-damage resonance. Subsequently,
various gases were introduced into the vacuum chamber, and sig-
nificant increases in signal amplitude were noted for Hp adsorbed
(v50%) and for adsorbed 07 (Vv100%), whereas water vapor caused a
decrease of "20%. From this sensitivity to the introduction of
gases, Haneman proposed that most of the spins contributing to the
surface-damage signal were localized at the surface, and that they
were in fact the dangling bonds to be expected at the surface of
the silicon crystallites.

In Magnetic Resonance in Colloid and Interface Science; Resing, H., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1976.



15. carLaN  Defects in Surface of Silicon 175

How then can one explain the often observed fact that in or-
der to remove the surface-damage signal you have to etch a dis-
tance of 1 micron into the silicon surface? This is due to the
fact that within this damaged region there is a vast labyrinth of
cracks and fissures all contributing to a much greater effective
surface area. Thus etching this away reduces the signal to a
negligible level.

Pursuing this hypothesis further, Haneman constructed an
apparatus for cleaving silicon crystals in high vacuum and study-
ing the weak ESR signal from the bare silicon surfaces thus gener-
ated. From this work he estimated that about 1 spin per 10 sur-
face atoms was paramagnetic.

Other workers have, however, not been convinced that the sig-
nal observed in crushed samples is explained simply by a large
effective surface, but attribute the ESR signal to defect struc-
tures. A recent interesting contribution (10) to this controver-
sial question was made when evidence was found that the ESR signals
obtained by Haneman from cleaved samples were spurious. It was
shown that in fact cleaving created a fine dust at the cleavage
surface and when this was wiped off the signal became considerably
weaker. The ESR signal was thus attributed to amorphous regions
in severely damaged powders rather than dangling surface bonds.

An interesting by-product of the ultrahigh vacuum experiments
on crushed silicon has little to do with silicon itself, but is
worth mentioning in the general context of this conference. Heat
treatments in vacuum of the silicon powder produced a sharp reso-
nance at g = 2.0028, and the properties of this signal as a func-
tion of ambient and temperature were studied (11,12). Hypotheses
in terms of the structure of the silicon surface were proposed
to account for this signal, but it eventually turned out that the
identical signal was seen when other materials aside from Si were
studied. The cause was traced to leakage of small amounts of car-
bon compounds from the oil in the vacuum systems which adsorbed
on the silicon surface and at elevated temperatures formed radical
compounds. Indeed the properties of this signal were found to be
similar to those of the signal from heated carbonaceous materials
(13).

Effects of Thermal Oxidation

We now take up the important area of thermal oxidation of the
silicon surface. There are several types of defects that have
been identified as influencing the behavior of MOS devices (1).
First there are positively charged defects permanently located in
the oxide near the oxide-silicon interface. These are thought to
be associated with the nonstoichiometry at the interface region.

A second type of defect also consists of positive charges in the
oxide. However, these are due to mobile alkali metal ions, and
their distribution in the oxide can be altered by the application
of electric fields. Great care is taken to eliminate sodium
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contamination from the processing, since such a variable charge
system causes the parameters of the final device to be unstable.

A third category is the so-called fast surface states which exist
at the interface. These are traps which can rapidly be charged

or discharged by electrons from the silicon. These are assumed

to be due either to structural defects at the interface, impurity
atoms 1in this region, or both. Finally, there is the special case
of positively charged defects in the oxide caused by ionizing
radiation.

It is thus important to study the ESR signals (see Figure 1)
that are generated by thermal oxidation (14,15), to interpret them
with respect to the structure of the oxidized silicon surface and,
if possible to relate them to the electrically observed defects.
Nishi (12), having observed three distinct resonances, wanted to
determine their location within the surface. He made successive
slow etches into the oxide layer and then into the silicon, and
in between etches recorded the ESR signal strengths. In this way
he determined that the P, and Pg signals were in the oxide. He
succeeded in profiling the stronger Pg signal, and determined that
the peak of the Pg distribution is near the oxide-silicon inter-
face. The Pc signal was also profiled, and it extended about 10
microns into the silicon bulk. In our repetitions of this work
(16), we found Pc actually extending much further into the bulk.
Various auxiliary experiments led us to conclude that Pg was ac-
tually due to iron impurities (Fe0) that were distributed through
the silicon. The heat treatment either converted previously pres-
ent iron ions to the Fel state, or caused iron atoms from the
outside to diffuse into the material.

The Pg signal appeared to be the most significant with regard
to its relevance to the interface structure. It was noted (15)
that the spatial distribution of the Pg center is the same as that
measured for the fixed surface change, i.e. concentrated near the
oxlde-silicon interface. Just as these electrically charged
species were attributed to defects in the stoichiometry near the
interface, so it seemed likely that Pg resulted from a defect in
the 8107 structure. Nishi concluded that it was due to a defect
where a silicon atom has only three electrons bonded and one
hanging loose. This conclusion was reinforced by comparison with
the resonance exhibited by silicon monoxide (17). This amorphous
material has many defects in its bulk structure, and its strong
resonance with g = 2,.0055 has been ascribed to trivalent silicon
with one unpaired electron. Now the Pg signal in the oxide-sili-
con transition region is anisotropic with respect to the angle be-
tween the magnetic field and the silicon surface, ranging from
about g = 2.002 to g = 2.010, the average value being ~2.005.

Thus the resonance at the oxidized silicon surface may be the same
as that in bulk silicon monoxide.

In our laboratory we were concerned with one flaw in this
identification. The silicon monoxide resonance is readily observ-
able at room temperature, although of course a few times weaker
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than at 77°, Therefore, it was puzzling that Nishi reported that
none of his ESR signals were visible at room temperature. We
therefore ran some of our samples containing Pg at room tempera-
ture, and indeed found that the Pp signals were visible and of the
expected magnitude (l1). Thus this objection against the identi-
fication of the P centers and Si0 centers is removed.

It is remarkable that although the thermal oxide region is
characterized as noncrystalline, the Pg signal is anisotropic
with respect to the surface direction. This indicates that at
least the portion of the oxide near the interface region has a
macroscopic symmetry determined by the silicon substrate.

Photoinduced ESR Due to Etching

About three years ago a new and unusual kind of silicon sur-
face resonance was announced by a group at Tohoku University (18).
It had been assumed that etching silicon merely serves to remove
the damage region and its attendant ESR signal. However, it was
found that after etching, a new resonance appeared if the sample
was simultaneously exposed to light (see Figure 2) with energy
greater than the silicon band gap. The resonance appeared to have
two components and displayed some anisotropy with respect to the
angle between the surface and the external magnetic field. It
was also noted that the photosignal response depended on the con-
ductivity type, n or p, and the effect was not observed in samples
with too high a conductivity.

It was suggested that these resonances were due to water
being incorporated during the etching and rinsing process. In
order to test the hypothesis, we decided in our laboratory to per-
form various chemical treatments on the surface (16). First we
verified that treatment with HF alone did not produce the photo-
signal. This was true whether the HF was used on a fresh silicon
surface or a thermally oxidized surface. Of course HF does not
etch into the silicon itself. Therefore, we tried other types of
chemical etch that do attack silicon. These included hot potas-
sium hydroxide, an etch consisting of HF mixed with H20;, and a
procedure of treating the sample successively in HF and hydrazine.
Although these etches encompass a variety of chemical types, none
of them were effective in producing the photosignal. Since in all
of them water was in contact with the surface, the supposition
that water was responsible for the photosignal seemed doubtful.

We additionally checked that acetic acid was not necessary to pro-
duce the photosignal, so we suggested that the presence of HNOj3
was the crucial factor, and that some kind of nitrogenous radical
was responsible for the resonance.

Another question we addressed was the location of the ESR
centers with respect to the surface. One would guess that they
are superficially adsorbed atoms. One would like to strip away
the outer atomic layers gradually and check the ESR every time.
Certainly one cannot use for this purpose a weak version of the
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standard silicon etch, since it is this etch that generates the
photosignal. However, one can safely try HF alone, since we know
that by itself it does not generate the signal. It was found

that etching in concentrated HF does not visibly reduce the photo-
signal, even though it presumably dissolves the outer 20-angstrom
layer of oxide. It was found, however, that repeated cycles of

HF treatment and air exposure, i.e., oxidation and dissolution of
successive 20-angstrom layers, do diminish the photosignal re-
markably. This indicates that the photosignal center may extend
to about 100 A into the silicon.

In a recent publication (19) the Tohoku University group have
explained this photoinduced signal as being quite different from
the normal ESR phenomenon. To understand the mechanism let us
refer to a previous study by Lepine (20). He etched a silicon
wafer, inserted it into an ESR cavity, and simultaneously irradi-
ated it with light and with a microwave field. As the magnetic
field was varied he monitored the change in resistivity of the
sample (a few parts in 106) as the resonant field was traversed,
and a resonance in the resistivity curve was traced out. His
explanation was that the optical radiation, by generating elec-
tron-hole pairs, contributed to the conductivity of the sample.
The recombination rate of the electrons and holes, however, is
influenced by recombination centers at the surface of the silicon.
These centers are also paramagnetic, and the recombination rate
depends on the relative spin orientation between the recombination
centers and conduction electrons. Thus when these surface defects
are paramagnetically saturated, the concentration of electrons and
holes is altered and a change in the resistivity is observed.

Now we return to our photoinduced signal observed by ESR.

P R R
Figure 1. ESR spectrum of paramagnetic de-
fects in single crystal silicon/silicon dioxide | (
wafers 2070 2000
W
(b)
Figure 2. Opticallly-generated ESR signal
in single-crystal silicon etched in HNO,-
HF-HAc with reformed native oxide: (a) f I
light off, (b) light on 2010 2005
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The proposed theory (12) is that we are not observing the usual
ESR effect, i.e. a change in the cavity Q due to paramagnetic
losses, but a change in the electric losses due to the changing
sample conductivity, which is in turn caused by saturation of

the surface paramagnetic centers. This interpretation is sup-
ported by certain of our observations (21). First, we have often
been perplexed by the fact that the photoinduced ESR depends on
just how the sample is positioned in the dewar vessel. According
to the theory that we are actually observing electric losses in
the cavity this is reasonable, since the normal sample position
is in a region of maximum magnetic field and low electric field,
but if the sample is displaced it enters a region of higher elec-
tric field which couples more effectively with the changing re-
sistivity. Another pertinent experimental fact is our work with
silicon-on-sapphire samples. One of the newer developments in
integrated current technology is the fabrication of circuits on
very thin silicon single-crystal films. These films, which may
be a micron thick are deposited on sapphire substrates. We have
obtained samples with a silicon thickness of about 10 microns,
and have etched them and looked for the photoinduced signal, and
have not found it. Now if we are observing photoinduced
resonances directly from the paramagnetic surface centers, it
should not make any difference if we are using an unusually thin
sample. However, if we are observing an indirect effect of con-
ductivity which involves the bulk of the material, it is under-
standable that the thin silicon-on-sapphire sample is ineffective.

NMR Relaxation Enhancement by Si Powders

Finally we have explored an indirect method of studying the
surface of silicon by nuclear-magnetic-resonance measurements of
liquids in contact with silicon powders (16). It is well known
that paramagnetic molecules dissolved in liquids drastically
shorten the NMR spin-lattice relaxation of the liquids. Further-
more, in such systems one can have the dynamic polarization effect,
where pumping the electronic paramagnetic levels produces large
enhancements of the NMR signal. It is also possible to produce
these effects by mixing powders of paramagnetic materials with
liquids that do not dissolve them, where the electron~nuclear
interaction only takes place at the surface of the powder grains.
For example, granules of DPPH sieved between 50 and 100 mesh
screens, and mixed with water, give a proton dynamic polarization
enhancement of about -20 (extrapolated to infinite pumping power)
(21). This result was obtained with a dynamic nuclear polariza-
tion (DNP) apparatus operating at a low magnetic field (74 gauss).
A corresponding shortening of T] also is observed.

We then wanted to see if similarly sieved crushed Si powder
has enough paramagnetic defects at its surface to cause surface
relaxation and dynamic polarization effects. A number of samples
were prepared using powders prepared from two different kinds of
rather low purity silicon, and these were mixed with various
liquids. Also a set of oxidized silicon powders were prepared.
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In all cases, the relaxation time became considerably shorter,
but there was no evidence of dynamic polarization. The possibil-
ity was considered that the liquid molecules complexed with the
surface so as to form a region of much longer molecular correla-
tion time than in the bulk. However, this hypothesis proved
quantitatively unreasonable. The conclusion was thus drawn that
paramagnetic defects at the silicon surface were responsible for
the shortening of T}, and these defects have a very broad reso-
nance (unlike the g = 2.0055 surface-damage signal) which makes
it unobservable by electron paramagnetic resonance and alsoc pre-
vents the dynamic polarization effect.

Further experiments were performed with a single liquid,
hexane, in order to study the effects of various processes on the
surface relaxation. Three samples of silicon powder are included
in Table II, which gives the change in the hexane T} due to suc-
cessive treatments of these powders. All samples were 50-100
mesh size, and were made from Fisher Chemical Co. material. Note
that T} of the bulk hexane is about 9.5 sec.

From the results listed in Table II we concluded that

Table II1
Proton Relaxation Times of Hexane Mixed with Silicon Powders

Sample T, (sec)

No. 1 freshly crushed .55
treated with HF .7
slow Si etch 7.5
heated 600°C 1 hr 0, 8.5
heated 1000°C 2 hr 0, 10.5

No. 2 oxidized 1 hr 1050°C .65
etched in HF 5.2

No. 3 oxidized 2 hr 1000°C . 1.5
etched in HF 5.9

oxidation in itself has a minor effect on the silicon surface re-
laxation. Likewise treatment of freshly crushed silicon with HF
has little effect. However, when an appreciable portion of the
surface-damage layer is removed, a large increase in Tj occurs.
This can be accomplished either by using an etch that attacks
silicon, or by thermal oxidation followed by removal of the oxi-
dized layer with HF. This may mean that the surface paramagnetic
centers are associated with damage sites, or that removal of the
innumerable irregularities of the damaged surface drastically re-
duces the effective area of the surface and the total number of
paramagnetic sites accessible to the molecules of the liquid. 1In
any case, the electron paramagnetic centers must be located at
the outer edge of the oxide layer, whether it is the native oxide
or a thermally grown oxide. Thus, in contrast with the ESR Pp
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signal, which is due to defects at the Si-Si0p interface, the
NMR relaxation measurements reflect unpaired electrons very close
to the oxide surface.

Abstract

Several magnetic resonances have been observed in studies of
the surface region of processed silicon. A readily detectable
resonance occurs when the surface is damaged by abrasion, and it
is removable by etching. Treatment with HF-HNO3 etches creates
paramagnetic states which become observable upon optical irradia-
tion. Thermal oxidation causes three resonances to appear at
different locations with respect to the Si-Si0p interface. In-
direct evidence for a broad ESR resonance center located near the
oxide surface has been inferred from NMR relaxation-time measure-
ments of silicon powder mixed with liquids. The relevance of
these results for elucidation of the electrical properties of the
important Si-—SiO2 structure is noted.
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NMR Studies of Oil Shales and Related Materials

F. P. MIKNIS and D. A. NETZEL

Energy Research and Development Administration, Laramie Energy
Research Center, Laramie, Wyo. 82071

The applications of nuclear magnetic resonance techniques in
the areas of biological, chemical and physical sciences has
steadily increased over the last several years. With the avail-
ability of high resolution Fourier Transform NMR spectrometers,
and recent advances in multiple pulse (1) and double resonance
techniques (2) the usefulness and applicability of NMR shows no
signs of slackenlng Indeed, the wide variety of papers to be
presented at this symposium attests to this. However, in the area
of fossil fuels, the applications of NMR have been lacking. With
the current interest on energy research and development and the
future prospects of synthetic liquid fuels from oil shale, coal
and tar sands, NMR should become increasingly more useful for the
study of fossil fuels.

Few NMR studies dealing with oil shale, coal or tar sands
have been published. Of those that have, the majority have been
wide-line NMR studies of coals and coal extracts (3 7). Carbon-
13 wide-line NMR has also been used in the study of coals (8,9).
High resolution proton NMR has been used to study asphaltenes
from Athabasca tar sands (10), and wide-line (11) and pulsed NMR
(12) have been used to estimate potential oil yields of oil
shales. More recently NMR double resonance techniques have been
applied to the study of coal aromaticity (lj) and coal lique-
faction studies (lﬂ and multiple pulse NMR techniques have been
applied to determine the chemical environments of protons in
coals (15).

In this paper some applications of puised NMR to the study of
fossil fuels will be discussed. Emphasis will be on oil shales
and to a lesser extent, tar sands and coals. Topics to be dis~
cussed are NMR methods for assaying oil shales, temperature de-
pendence of relaxation times in oil shales, and proton-enhanced
nuclear induction spectra of oil shales. The first is related to
resource evaluation, the second to processing and the third to
characterization studies. Throughout the discussion emphasis will
be on the practical utility of such measurements. Hopefully the
topics chosen for discussion will show the broad applicability of
NMR techniques to fossil energy research.

182
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Background

As the topic of this paper deals primarily with oil shales,
some qualitative aspects of oil shale are worth mentioning.
First, oil shale is a misnomer. The rock is not a shale, but a
marlstone, and it does not contain any liquid oil as such.
Instead oil shale contains a solid organic material, called kero-
gen, which decomposes upon heating to form a shale oil. Kerogen,
by definition, is not soluble in petroleum solvents. The small
percentage of the organic matter in oil shale which is soluble in
petroleum solvents is called bitumen.

0il shales occur worldwide. The largest deposit is the
Green River Formation in Colorado, Wyoming and Utah. The rich-
ness, or quality of an oil shale is measured as gallons of oil
per ton of shale. Generally such assessments are made by the
Fischer assay method, although other methods are available (lg,
16-19) of which pulsed NMR is one of them. Because the gal/ton
estimates are easy to use, all of these methods correlate their
results against the Fischer assay methods.

Applications

NMR Assays A simple but very important application of NMR
measurements in oil shales is that of determining the potential
oil yield of oil shales. A rapid and practical method for
determining oil shale richness is of considerable importance,
both for resource evaluation and processing technology. The
Fischer assay method (29) has been the traditional method for
assaying oil shales, although the method is largely empirical.
There is a definite need to relate results of the Fischer assay
to the more fundamental parameters of oil shale, such as organic
carbon and hydrogen contents (lé). NMR techniques should prove
useful for the determination of these parameters.

The basic assumption underlying the NMR assay method is that
the organic hydrogen content of an oil shale is directly relatable
to the shale's potential oil yield. This assumption has been
tested on 90 oil shales using wide-line NMR (11), and over 400
oil shales using pulsed NMR (12). In pulsed NMR, the hydrogen
contents are measured simply by measuring the amplitude of free
induction decay (fid), after the application of a 90° pulse.
Interferences may arise due to inorganic hydrogens present in
minerals and bound water, etc. Ways to minimize these inter-
ferences have been discussed (12).

Figure | shows a correlation between oil yields determined
by the Fischer assay method, and the fid amplitude, normalized to
unit sample weight. The oil shales used in this particular study
were taken from a set of oil shales which had been carefully pre-
pared for an ASTM study group. The aim of the study group is to
investigate the precision of Fischer assay procedures. The oil
yields are the averaged data for six participating laboratories.
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The fid amplitude was sampled 20 us after the pulse, averaged 64
times in signal averaging computer and normalized to unit sample
weight. The important features of Figure 1 are the excellent
linear correlation between NMR data and Fischer assay data.
Previous work (12) had established similar linear correlations,
but with much greater scatter in data about the regression line.
The scatter was attributed largely to imprecision in the Fischer
assay method itself. The data also show that the NMR response is
independent of particle size.

A significant advantage of the NMR method is its rapidity,
compared to the Fischer assay methods. Typically a Fischer assay
requires about 100 mins. per sample, whereas the NMR method re-
quires 5 min. or less. The main disadvantage of the NMR method is
the small sample sizes (5 g or less) normally used. Therefore,
care must be taken to insure that the NMR measurements are made
on representative samples.

Temperature Dependence of Relaxation Times Because processes
to convert oil shales to shale oils involve the application of
heat, a natural NMR investigation would be the temperature de-
pendence of relaxation times of oil shales. When o0il shale is
heated to 500°C for an extended period of time, the kerogen
thermally degrades into a liquid shale oil which can be further
refined into conventional petroleum products. Similarly by heat-
ing tar sands, the viscosity of the tar sand bitumen decreases,
allowing for potential recovery of usable fuels from tar sand
deposits via in-situ techniques.

Spin lattice relaxation times, T,, of a tar sand core and
its bitumen, and an oil shale and organic concentrate are shown
on Figure 2. These measurements were made at a resonant frequency
of 20 MHz, and using the 180°-90° puise sequence. For all cases,
the spin lattice relaxation times were non-exponential. The T,'s
shown on figure 2 are the weighted average relaxation times, de-
termined from the initial slope of the T, curves (21). Because
of the complexity of the organic material in oil shales and tar
sands, the use of average values is justified.

Both the tar sand and the bitumen exhibit a broad minimum at
about 330°K, indicating that the average motions in each case are
the same. A slightly broader distribution of correlation times is
exhibited by the tar sand cores. This would be expected because
of the reduced mobility of the bitumen, when confined to the core.
Overall, the temperature dependence of T, for tar sands resembles
that observed in many polymer systems. +he T, curves for the tar
sands follow the expected trends as a function of frequency at
60 MHz, the magnitude of T, at the minima was approximately 3
times the value at 20 MHz, and the minima shifted to a higher
temperature (=350°K).

0i1 shales show a more complicated temperature dependency.
The low temperature region suggests the possibility that another
T] mimimum may occur below 250°K, presumably due to methyl group
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reorientation. At higher temperatures (>400°K), a definite mini-
mum in the organic concentrate (kerogen) curves is shown, which [s
absent for the raw oil shale. Apparently the mineral matrix fn
the raw shale prevents the same characteristic motions from occur-
ring.

From a processing viewpoint the temperature range, 250°K to
500°K, is fairly low. The more interesting region for oil shales
and tar sands would be the range, 500°K to 750°K, the range in
which oil shale kerogen decomposes to bitumen which in turn pro-
duces the liquid products. Similarly at elevated temperatures,

T, or self-diffusion measurements could be made on tar sands, from
which the viscosity of the bitumen in place, might be obtained.
Such a measurement would be of practical utility for in-situ re-
covery methods. Unfortunately, we are unable to make NMR measure-
ments at these temperatures.

ORGANIC CONCENTRATE

-300 -200 -100 0

COLORADO, 359 GPT

UTAH, 35.7 GPT

o

-300 -200 -100
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Figure 3. Proton-enhanced »C NMR spectra of oil
shales

In Magnetic Resonance in Colloid and Interface Science; Resing, H., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1976.



16. MIKNIS AND NETZEL Oil Shales 187

Proton Enhanced ]3C NMR in 0il Shales As a final application
of NMR to fossil fuels, we wish to discuss some preliminary work
on the application of double resonance techniques to the study of
oil shales. Recent advances in double resonance techniques (2)
have provided a method, whereby high resolution NMR spectra in
solids may be obtainable. By combining double resonance techni-
ques, with sample spinning at the magic angle, the quality of the
NMR spectra obtained from solids, approaches that of materials in
solution (22). |

Some representative proton enhanced 3C NMR spectra of oil
shales are shown on Figure 3. The spectra were obtained at a
resonance frequency of 46.6 MHz. The frequency scale is cali-
brated in ppm relative to an external TMS liquid reference.

These spectra are the Fourier transforms of B000 transients ob-
tained with a repetition rate of 5 sec, a 4 msec mixing time and
for a single contact. At first glance, the proton enhanced
spectra of oil shales are quite disappointing, exhibiting only

a broad band in the aliphatic region, and a broader, barely re-
solvable band in the aromatic region. However, it should be
stressed that the proton enhanced technique is probably the only
one available capable of a direct measurement of these types of
carbons. Previous work in oil shale kerogen (23) has relied on
rather severe oxidation, reduction and thermal degradation to
arrive at some knowledge of the chemical composition of oil shale
kerogens.

In general Green River Formation kerogen is a macromolecular
material composed of approximately 5 to 10 percent chain paraffins,
20 to 25 percent cyclic paraffins, 10 to 15 percent aromatics,
and 45 to 60 percent heterocyclics. The overall features of the
proton enhanced spectra support this compositional make up. The
greater width of the aliphatic resonance bands for the raw oil
shales is probably due to differences in molecular mobility of the
kerogen in the mineral matrix. The aliphatic bands of the Colo-
rado and Utah shales show a shift of about 10 ppm relative to each
other. Whether this shift is reflective of differences in chain
lengths, branching, types of cyclic materials, etc between Utah
and Colorado shales is not known. Clearly, there is a definite
need to apply sample spinning techniques to oil shales, before
these questions can be answered.

Sunmarx

in this paper we have attempted to describe some aspects of
oil shale technology, for which NMR technques might serve a useful
purpose. These ranged from the very simple NMR measurements for
assaying oil shales, to the state-of-the-art proton enhanced
methods, which show definite possibilities for oil shale character-
ization, and compositional studies. Although oil shales were
emphasized the same types of measurements could be applied in a
similar manner, for similar puposes in tar sands and coals.
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On the Mobility of Benzene and Cyclohexane Adsorbed
on Graphitized Carbon Black

B. BODDENBERG and J. A. MORENO

Institute of Physical Chemistry, Technical University of Hannover,
Welfgarten 1, 3000 Hannover, W. Germany

Technical University of Hannover

Highly graphitized carbon blacks are known to
possess energetically homogeneous surfaces as is well
documented by numerous adsorption studies. This
property is explainable with the notion that the
faces of the polyhedral (1) particles are the
graphite basal planes. There is much controversy in
the literature about the structure and the dynamical
state of the adsorption layer of molelules in the
mono- and submonolayer regions (l,g).

The most controversial subject with this
respect seems to be the system benzene / graphitized
carbon black. Whereas Pierce and Ewing (2) conclude
from adsorption isotherm and heat of adsorption
measurements (-20 to OOC) that localized adsorption
is prevailing with the benzene molecules lying flat
on the surface, Ross and Olivier, on the other hand,
were able to fit adsorption isotherms (0O to 50 Co)
with the assumption of two-dimensional real gas
behaviour and free rotation of molecules about at
least one axis. In view of the high anisotropy of the
polarizability tensor of the benzene molecule the
latter authors favour a model with the molecules
standing up on the surface and rotating freely about
the hexad axis. Steele (2) considers the molecules
lying flat on the surface as the most probable
orientation. The arguments of other authors (ﬁ,i,é)
are on similar lines. To our knowledge there is up to
now no spectroscopic evidence in favour of one of
these models. We were able to show from NMR
measurements that neither of these models explains
the low temperature (150 K) NMR data.

Using pulse NMR techniques the proton magnetic
relaxation times T, and T, at 16 and 60 MHz have been
measured of benzene adsor%ed on Graphon (Cabot Corp.)
in the temperature range 280 to 80 K. The amounts
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adsorbed were 0.18, 0.36 and 0.72 mmol/g which
correspond to surface coveraées 6= 0.5, 1 and 2,
respectively, assuming 40 2 ?to be the area occupied
by one adsorbed molecule. In addition, T.adn T2 have
been measured for C6H6/ C6D -mixtures at the same
surface coverages in order go separate the intra- and
intermolecular contributions to the relaxation rates.
Using semiclassical NMR relaxation theory the
following model is able to represent the measured T
data (9: 1) for temperatures between 80 and 150 K
within the range of experimental error.

(i) The benzene molecules are adsorbed at fixed sites
with their planes oriented perpendicularly to the
graphite basal planes,

(ii the molecules perform reorientational jumps about
diad axes_to next positio?s 60° apart at a rate given
by 2.3.10exp (1060/T)s™ ',

(iii) there is a two-demensional ordered structure of
benzene molecules with hexagonal symmetry. The
distances of the centers of gravity of the molecules
are determined by the graphite lattice.

Remarkably, with only slight deviations, the
T.,-data are the same for surface coverages 0.5 to 2
which indicates that lateral interactions of the
molecules are of importance. For €= 2, a second phase
of benzene was detected the T. data of which are
nearly equal to those of solié benzene.

The transversal relaxation function is
temperature independent in the temperature range 80
to 150 K, but is of complex shape.

At temperature above 150 K additional,
presumably translational motions show up in the
relaxation times. The interpretation of these data
is being undertaken.
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Quantitative Electron Spin Resonance Studies of

Chemical Reactions of Metal Impregnated Activated
Charcoal

RAYMOND A. MACKAY
Drexel University, Philadelphia, Pa. 19104

EDWARD ]. POZIOMEK and RICHARD P. BARRETT
Edgewood Arsenal, Aberdeen Proving Ground, Md. 21010

We recently reported (1) the discovery that the reaction of
cyanogen chloride gas with ASC whetlerite, a Cu/Ag/Cr impregnated
activated charcoal, produces a strong electron spin resonance
(esr) signal. ASC whetlerite (2) is impregnated with salts of
Cu(II), Cr(VI) and Ag(I). The removal mechanism of the carbon
for CNC1 involves copper, with a synergistic effect being exerted
by chromium. The presence of silver is apparently unimportant
for CNC1 activity (1, 3). The esr (derivative) signal consists
of two partially overlapping lines. One line has a g value of
2.12 and a half width of 190 gauss, and the other a g value and
half width of 2.00 and 425 gauss, respectively. The signals have
been shown to arise from monomeric hydrated Cu(II) species on the
charcoal surface, resulting from the reaction of the CNCI(1).
This esr detection method appears to be quite specific for
cyanogen chloride, and preliminary results indicated that the esr
signal intensity could be used quantitatively as a measure of the
extent of reaction. We report here a more detailed quantitative
esr investigation of the reaction of CNC1 with ASC whetlerite.

Experimental

ESR Studies. The X-band (9.5 GH,) derivative esr spectra
were obtained on a Varian E-4 spectrometer system employing
100 kHz field modulation and a modulation amplitude of 10 gauss.
After mechanical grinding of the sample in a Wig-L-bug for two
minutes, samples of about 5 mg of the charcoal powder were
placed in glass melting point capillary tubes and packed by
dropping down a glass tube of fixed height a preset number of
times. Both the sample weight and height in the capillary were
recorded. The capillary was placed in a sample holder which
positioned the tip containing the sample in the center of the
cavity. A1l samples were run at a microwave power level of 4mW,
and at ambient temperature.
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Tube Reactions. The reaction of CNC1 with charcoal beds
under flow conditions was performed as previously described (1).

Results and Discussion

Quantitative esr Measurements. At ambient conditions there
is no discernable variation of signal shape or intensity with
temperature, so careful control is not required. The actual esr
signal intensity is given by the area under the absorption curve.
If the line width does not change, the peak to peak height of the
derivative line is proportional to the intensity. If both the
sharp and broad esr lines maintain the same shape and ratio, it
should still be possible to use the height of the sharp line as a
measure of signal strength. As will be seen, this generally
appears to be the case, at least when the exposure is below the
maximum capacity. For absolute comparison between different
samples, it is necessary to correct for background (no CNC1).
This is approximated by subtracting the difference in signal
height of the blank, at the peak positions of the sample, from
the sample signal height, as shown in Figure 1.

The dependence of signal height (intensity) and reproduc-
ibility on the sample size was investigated. By sample size,
we refer to sample weight ard height (packing density). The
effect of small variations in positioning of the capillary in the
cavity was concurrently examined. It was found that the signal
intensity of samples much larger than 5 mg depended critically
on positioning; while smaller samples were difficult to weigh
accurately. Aging of the sample, at least over periods of days,
had no effect on the signal intensity. In general, reproduc-
ibility both for the same sample run at different times in the
same day and on different days, as well as for different samples
from the same batch of charcoal, was within ¥ 5%.

ASC Whetlerite. The esr samples were obtained from charcoals
run in CNC1 tube tests. The CNC1 gas was passed through charcoal
beds of various weights (w) in tubes of fixed diameter. Flow rate,
relative humidity, and CNC1 concentration were held fixed, and the
time required for a fixed fraction of the inlet CNC1 to break
through the bed (t, ) was determined. A plot of t, vs w is linear
at higher bed weigRts, as given by the modified NRee]er equation

W

. _e _
ty = C, T (W - w.)

where C, is the initial concentration of CNC1 in the gas stream,
and L is the flow rate. The slope is taken as a measure of the
dynamic capacity of the charcoal W, in min/gm, and the intercept
at t, = 0 as the critical bed deptﬁ (wc) in grams, as shown in

In Magnetic Resonance in Colloid and Interface Science; Resing, H., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1976.



18. MACKAY ET AL. Metal Impregnated Activated Charcoal

p——— 1000 GAUSS ——=if

|
,FET\
|
|
|
|
|
|

J

Figure 1. Correction of peak-to-peak height
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Figure 2. Samples taken from the upstream end of the tube are
referred to as "top of the bed". Samples obtained by first
mixing and grinding up the entire tube contents are referred to
as "whole bed".

In order to obtain a wide range of charcoal activity,
batches of a given lot of AST whetlerite were sealed in bottles
saturated with water vapor for varying lengths of time at high
temperatures ("aged"). The aged charcaols gave lower values of
tp for a given bed weight, depending on the aging time.

In our initial experiments (1), we showed that the esr
signal strength (S) was directly proportional to the percentage
of CNC1 treated charcoal in samples made by mixing untreated and
CNC1 treated ASC whetlerite in various weight ratios. However,
it remained to determine the dependence of S from both "top of
the bed" and "whole bed" samples on tp and bed depth. In
particular, tp depends upon the mechanism(s) of a CNC1 removal
while S presumably depends upon the amount of a particular copper
species which has been formed.

The break times (tp) for total bed weights of 5 gms of ASC
whetlerite aged for various times, plotted vs the whole bed esr
signal strength (S) is shown in Figure 3. A linear relationship
between S and t, is obtained.

If the copper species on the charcoal surface is responsible
for the removal of CNC1, the S should be proportional to the
average amount of CNC1 removed by the bed (m grams CNC1 removed
per w grams of charcoal) or

W kLC
3 = k('-J}) = K(1-T°)we = w° b

where k is the proportionality constant. Thus, the linear
relationship between S and tb is consistent with this
interpretation.

Various bed weights of the impregnated charcoal were tube
tested with CNC1 to the break point, and the esr signal measured
for top of the bed samples. A plot of S¢ vs tp for two di fferent
charcoals of about the same capacity and somewhat different
critical bed depths is shown as Figure 4. A1l such curves exhibit
the same general features. The value of St rises with increasing
bed weights (or ty), and levels off at high tp.

Based on the previous result, St should Be proportional to
the capacity W at w = 0. Assuming that W where f is a

f Wdw 3 Ww
0 f
constant (“2), it follows from the Wheeler equation that

St - atb

gmax 1+a tb
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where a = LC /W w_ and s'“a" = kW,. The ratio of s',‘c‘a" is 1.4,

while it shou]d be 1.0. The ratio of a values is 0.7, compared

with the ratio of critical bed depths {corrected for w ratio of

1.4) of 0.9. Thus, while 5 can be related to t cSn be
%b<1¥

related to w_ only at short break times where a In this
c
case,
o2 MG oy - w8
W W
c c

However, the values of S are small for ww, and thus this
relationship is not expected to be very useful. At Tong times the

value of Smax is obtained, but this is only a measure of Wae. To
obtain we, the value of 5 at longer bed weights (w>>wc), and thus
higher tb’ can be used.

An examination of the bed depth profile provides further
insight into these results. An 8.5 gram bed weight of ASC
whetlerite was tube tested with CNC1 to break, and samples with-
drawn in sections proceeding along the bed. A plot of the esr
signal strength (S) as a function of total bed weight (position
along the tube) is shown in Figure 5 for flow rates of 1.0 and
1.63 1/min. The origin represents the upstream end of the tube.
Although the general shape of the curve is in accord with that
expected for a bed profile, a few salient features may be noted.
First, the value of S at the origin is below the maximum
indicating a decrease of signal by "excess" CNC1. Second, the
curves for both flow rates have approximately the same value of
S at the origin, indicating that the esr signal from a top of
the bed sample depends on the total amount of CNC1 to which it
has been exposed. An examination of the esr curves indicate that
the signal is not being destroyed, but rather that the relative
proportions of the sharp and broad lines are changing. When the
total 1ntens1ty of the esr signal is plotted vs bed depth, the
"drop"” in Sy is eliminated. Based on these and our earlier
results (1), the following mechanism is proposed. The structures
given are meant to be schematic only:

Cu(OH)C1 +002 + NH3 (1)
0 .
\\C”(HZO)Z C]CN [sharp esr line
/ \ Hy0 b-Cu(0H) (CN) +H0C1 (i)
H broad esr line
Cu(OH)CT + CICN —= Cu(OQH)(CN) + C12 (iii)
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Figure 5. ESR signal strength (S) vs. total bed weight for different
CNCl flow rates
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Equations (i) and (ii) represent the initial hydrolysis of CICN,
while equation (iii) represents the conversion of the sharp to the
broad esr line species by continued exposure to CICN.

It has also been observed in static tests that a sufficiently
long exposure to CNC1 will completely destroy all traces of the
esr signal. Since the sharp line is first converted to the broad,
there is a fourth reaction of CNC1 with the (schematic) species
CN(OH) (CN) which converts it to a diamagnetic one also. This
mechanism predicts that a maximum of 3 moles of CNC1 can be
removed per mole of active copper impregnant.

It is therefore apparent that esr measurements can be used
to characterize the activity or history of an impregnated charcoal
with respect to CNC1 exposure. In addition, it can be a valuable
adjunct to such studies in examining the nature of the active
species and the mechanism(s) of removal. Under the proper
conditions, the esr signal strength of a total bed sample of CNCI
treated charcoal can be used as a measure of capacity, while the
relative ratio of the sharp and broad lines can be related to the
total CICN that sample has seen.

Summary. A set of experimental conditions has been deter-
mined for obtaining quantitative esr data on impregnated
charcoals. It has been demonstrated that esr measurement can be
used to characterize the CICN activity and history of the
charcoal. We have proposed a mechanism and some details concern-
ing the nature of the active species and reaction products.
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NMR Studies of 3He on a Porous Heterogeneous

Adsorbent at Low Temperatures

DOUGLAS F. BREWER
University of Sussex, Sussex, England BN1 9RH

Although the work I shall describe in this paper has pl.;soduced
many interesting results concerning the interaction between "He atoms
and a substrate, the original reason for starting them was quite
different. The primary aim was to énvestigite the effects of size and
dimensionality in quantum fluids of “He and "He at temperatures from
50mK or less, up to about 3K. Since size effects become important at
around 1004 or so, depending on temperature, it was necessary to work
with He systems of about these dimensions.

An obvious system is the adsorbed film, which can readily be
formed in thicknesses of less than one monolayer (~34) up to 100A or
more. If experiments are to be done which need reasonably large
samples of He (of order 1 cm3, for example, in a heat capacity
experiment) then a large surface area for adsorption must be obtained -
or, more exactly, a large surface-to-volume ratio, One adsorbent
which is highly suitable for this purpose is Vycor porous glass, with
an average pore diameter of around 70A, and nearly all the experiments
I shall discuss were done with this material as substrate. It has a
surface-to-volume ratio of about 6 x 106cm™1 and hence a very large
fraction of the adsorbent and adsorbate atoms lie close to their
interface.

For the original purposes of the experiments, the interface
interactions are a nuisance: ideally, one would like to work with a
fluid system whose size is limited by rigid walls (or a free surface)
which do not themselves exert a force on the fluid but simply impose
boundary conditions on the wave function describing its behaviour.

This is not exactly possible, and for practical systems the obgerved
behaviour is determined not only by pure size effects but also by the
interfacial forces. The separation of these presents difficult problems,
but a first step is clearly the investigation of the helium-Vycor
composite system when the wall interactions are by far the dominant
ones, i.e. when only one monolayer or less of He is adsorbed: hence
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the relevance to this symposium. Before going on to describe these
experiments, I shall first say something about the porous glass
adsorbent, and also about the original aims of the research.

Size Effects in Liquid Helium

It is a matter of great luck that the only two substances that
remain liquid down to the absol ute zero obey different statistics (" He
is a fermion and 4He a boson), allowing us to study the differing
effects of quantum statistics on fluids at the lowest temperatures.
Liquid 4He, whose normal boiling point is 4.2K, undergoes a
trangition to an ordered superfluid state at 2.17K (the lambda point).
This is generally thought to be a Bose-Einstein condensation which in
a non-interacting boson gas is a purely statistical effect and in liquid
4He is modified slightly by the atomic interactions.

Liquid 3He at sufficiently low temperatures behaves as a fluid
obeying Fermi-Dirac statistics, and does not undergo a purely
statistical transition at these temperatures. At very much lower
temperatures, of order 1 millikelvin, it does undergo a transition
resulting from pair correlation effects between nuclear spins, of the
same type which lead to superconductivity of electrons in metals which
also form a Fermi fluid. Like 4He, the transition is to an ordered
superfluid state characterised by an order parameter ¥ which is the
wave function describing the superfluid. ¥ is not allowed to vary
significantly over a distance called the_coherence length, £, which ig
temperature dependent. In superfluid ~He this is probably about 100A
and in 4He it is about 2A at the lowest temperatures, but it increases
rapidly near the transition temperature where it becomes infinite.
Size effects occur when the system size becomes of the order of £,

A good deal is known about the behaviour of adsorbed 4He in film
thicknesses between 3A and about 100A For example, the specific
heat, which in bulk liquid has a logarithmic infinity at the lambda point,
becomes smeared out, with a maximum occurring at lower
temperatures for thinner films. (1) This striking behaviour is shown
schematically in Figure 1. Superfluidity no longer starts at the
temperature T, of the maximum of the specific heat anomaly, but at a
still lower temperature Ty, also indicated in Figure 1. The reason
for these effects, and the nature of the state between Ty and T, is
not understood, and the various proposals that have been put forward
are controversial.

Two other effects in He adsorbed on porous glass are worth
pointing out in this brief survey. One is that the specific heat at the
lowest temperatures rises above the bulk value when a free surface
is present,due probably to surface excitations (2). The second is the
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anomalous behaviour of the dielectric constant, which has been
measured as a function of temperature and pressure in an attempt to
correlate it with density observations. It has been found impossible to
do this in a consistent way and it may be necessary to invoke the
existence of induced dipole moments in the first layer of He atoms
adsorbed at the solid surface. Boundary effects have also been
observed with bare Vycor porous glass which has a very large
temperature variation of dielectric constant (as has also been
observed in solid glasses, though not necessarily for the same
reason) (3).

In the first monolayer, specific heat measurements (4) have been
made for both 3He and 4He, and show a T2 temperature dependence
which is characteristic of a two-dimensional Debye solid, as shown in
Figure 2. These observations, together with several others including
the NMR experiments which I shall talk about later, show with virtual
certainty that the atoms of the first monolayer adsorbed in Vycor are
localised, with a high density corresponding to solid at several hundred
atmospheres pressure.

The Substrate

Vycor is a high silica content glass manufactured by Corning,
the variety used in these experiments being porous Vycor 7930,
described originally by Nordberg (5). It is made by heat treating an
alkali-borosilicate glass at around 600°C for a long period during which
phase separation occurs, then leaching out the boron-rich phases with
acid to leave a high porosity glass containing 96% 8i0,, 3% B,03, and
small quantities of Na,05, Al,;03 and other oxides. The structure
possesses short range order like a supercooled liquid, with Si and 0
atoms in a ring configuration and the boron impurities at the centre
of the rings.

Various methods can be used to determine surface areas and
porosities giving results which do not differ greatly although the
differences can be outside the experimental precision. In the work to
be described, the area A was determined by BET analysis of a
nitrogen adsorption isotherm at its normal boiling point and the total
pore volume V by the amount of nitrogen adsorbed at saturation. A
uniform cylindrical pore model of the structure then gives the pore
diameter as d =4V/A. Application of such a model has the virtue of
enabling these quantities to be evaluated consistently and quite
precisely, but they should be regarded primarily as parameters whose
values as derived from various experiments can be compared in order
to investigate the validity of the model and as a help in analysing and
interpreting results. Typical results of applying this approach to
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Figure 3. A plot of XT/C vs. T showing that Curie’s Law is obeyed above
about 1°K, but the film susceptibility is enhanced at lower temperatures.
The origin of coordinates is the point (0,0.2).
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Vycor are: 2 -1
Surface area = 135m" gm
Volumetric pore diameter = 62,.4A
Porosity = 32%

Different samples of Vycor 7930 may give slightly different values:
for example, one sample used gave a pore diameter of 71A , which
probably represents a real, though small, difference in pore
structure, Electron micrographs show that there may be variations
in pore diameter of a factor of two, although the pore size
distribution is thought to be quite narrow.

The Nuclear Magnetic Susceptibility

NMR measurements give us valuable information on the motion
and disposition of the atoms. In examining the properties of the
adsorbate as a degenerate quantum system and the way in which it is
affected by substrate interactions, the nuclear magnetic susceptibility
X is a particularly important quantity. It has been measured both by
continuous wave and by pulsed NMR techniques for bulk liquid and for
3He films over a wide range of temperature. Figure 3 shows the
striking result found for the liquid at the saturated vapour pressure
at temperatures below 2K, plotted as X T versus T (6). In these
measurements, X cannot be experimentally determined in absolute
measure, and the results have been normalised to

XT _,
C

in the higher temperature region where X T is found to be temperature
independent; C is a normalising constant. In this region the liquid,
although mobile and with significant interaction forces, obeys the
classical Curie law (XT = constant) as for a system of free spins.
Although X cannot be measured absolutely, careful comparison
measurements have shown that the value of the constant C is in fact
the free spin-half value. In addition, and most surprisingly, the value
of X T in this region is independent of the density of the liquid; and it
also remains the same when solidification takes place when the
exchange interaction of the solid is small.

At the lower temperatures x T/C falls away from unity, and
eventually we find that ¥ becomes temperature independent (Pauli
paramgnetism) as the absolute zero is approached (provided, as
mentioned below, that the temperature is not less than a few
millikelvin). This general behaviour is exactly what one would expect
of an ideal Fermi gas and the curve does indeed fit extremely well if
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a Fermi degeneracy temperature T* = 0.45K is used. The effect of
spin-dependent interaction is thus shown to be strong, since an ideal
gas with the density of liquid 3He would have a much higher degeneracy
temperature~5K. These interactions can be taken account of in the
Fermi fluid theory of Landau, which is now fully accepted as a
phenomenological model of the liquid in the highly degenerate region,
until tge superconducting type transition occurs at around ImK, In
solid "He, the exchange interaction is very small - less than 1mK -
and the dipole-dipole interaction is ~10 K. Down to temperatures of
a few millikelvin, therefore, the nuclear susceptibility follows a
classical Curie law, as mentioned above.

We now examine the results obtained with 3He films adsorbed on
porous Vycor glass, in the light of the above observations. When only
a few atoms are adsorbed they are sufficiently tightly bound to the
substrate to be localised, and again for temperatures between 0.3K
and about 2K they obey a Curie Law, XT = constant., This has been
experimentally observed for coverages between 1/3 monolayer and 1
monolayer, and must certainly hold for lower coverages where
experimental difficulties have so far prevented direct observation,

This ideal classical behaviour indicatiéng the essentially non-
interacting magnetic behaviour of adsorbed “"He atoms in the monolayer,
is shown in anether way inFigure 4, where the total susceptibility
signal (total magnetisation) in a CW measurement at frequency
6.24MHz and temperature 0.405K is plotted as a function of the amount
of He adsorbed (7) (1) The linearity of the graph in the region up to
one monolayer coverage suggests very strongly that the addition of
each spin does not affect the susceptibility of those already there,
which is characteristic of a non- interacting system. This is
convincing evidence of the localised nature of the atoms in the first
complete layer, especially since, as Figure 4 also shows, higher
coverages exhibit progressive dengeneracy as the atoms interact more
strongly. The formation of the second and higher layers is
accompanied by a smaller susceptibility for each added spin, which can
be interpreted as a Fermi degeneracy effect, When the pores are very
nearly full, the graph is linear again but with a smaller slope than for
sub-monolayer films. When the pores are completely full, the
additional signal is provided by the bulk liquid which then surrounds
the porous glass in the cell, and the slope of the graph here therefore
corresponds to degenerate bulk liquid and gives a susceptibility
calibration which shows that the outer layers of the adsorbate behave
magnetically like bulk liquid. The extrapolation of the high covering
linear region back to zero cooling gives a finite intercept on the
susceptibility axis which shows that the layers near the wall retain
their enhanced susceptibility even in the presence of the overlayers.
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These observations demonstrate that the nuclear magnetic
susceptibility of even a rather thick 3He film is dominated by the
substrate interaction which leads to a very marked interfacial
enhancement of the susceptibility.

It is important to note that the substrate-enhanced susceptibility,
which in the temperature region above ~0.4K can be attributed to
localisation of the adsorbate atoms at the wall which then contribute a
large Curie susceptibility, becomes relatively much greater at lower
temperatures. Even in gaps as large as 6u the average susceptibility
is found to be substantially greater than in bulk liquid, although the
fraction of atoms next to the wall is minute (8). The wall effects
penetrate deeply into the liquid in a way which is not understood,
although the suggestion has been made that the enhanced wall
magnetisation may be é:arried into the bulk liquid because of the long
mean free path of the “He quasiparticles emitted from the wall
region (9). 3

In superfluid “He below 2.65mK, much more complicated effects
are found which we shall not discuss further here.

NMR Relaxation Times

The nuclear susceptibility measurements in the monolayer and
sub-monolayer region described above give us the useful information
that in the t emperature region studied - about 0.4K to 2.5K - the
magnetic interaction between 3He nuclei has a negligible effect, In
itself, it does not tell us a great deal about the arrangement and
motion of the atoms on the substrate. For this purpose, the spin-
lattice and spin-spin relaxation times (T1 and Tz) are more
informative.

There is a great deal of data available on these two quantities for

He adsorbed on Vycor in submonolayer and multilayer films of various
thicknesses, for temperatures between 40mK and 2K or so. In many
cases, several different interpretations are possible of the physical
processes involved and further careful experimentation is needed
before the situation is clarified. One important experimental effect is,
however, clear, and that is the necessity for careful annealing of the
adsorbate in order to obtain reproducible results. If the films are
adsorbed at temperatures below 4K, or even at 4K and then
immediately cooled, the results are not reproducible. In general, Ty
is much shorter and T, is longer for such unannealed films. This is
presumably because the films form in clumps on one part of the
adsorbent near the gas inlet tube, but spread out into an equilibrium
configuration given enough time at a high enough temperature. The
effect presumably depends to some extent on the design details of the
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apparatus, but it must clearly be looked for very carefully, and the
possible need for annealing must always be investigated. All the results
presented below were taken on films fully annealed at 4K for at least

15 minutes, and were unchanged after further annealing at this
temperature. It is not clear how much the annealing process depends
on surface diffusion, and how much on equilibration through the vapour
phase.

Figure 5 shows how T1 and T _ evolve during the build-up of a

He film on Vycor from a fraci:ional‘Z coverage 6 of 1/4, up to a full
monolayer, at a temperature of 0.405K (full monolayer coverage
corresponds to 38.6 em3 NTP) (10). All of the T, measurements
were taken with a CW technique at 6.24MHz, and were made by the
standard method of saturating the resonance, then lowering the rf
level well below saturation and measuring the time constant for
recovery of the signal, All recoveries observed in this way were
exponential.  For a reason which will be explained later, these values
of T, will be referred to as the ''long component'. The T, measure-
ments were taken in two different ways. With CW at 6.24%'[Hz, the
line width was always greater than the inhomogeneity of the magnet
(which was ~0.16G) for 6 < 1, Inthese cases, T, was taken as the
reciprocal of the difference between the observed line width and the
magnet width, For the complete monolayer, a different method was
used, explained in reference (10), involving measurement of T, and
the saturation factor Z = (1 + 72H12T1T2)"1 where ¥ is the
gyromagnetic ratio and H, the amplitude of the rf field. In addition,
T, was determined with 90°-180° pulse sequences and observation of
spin echoes, at 2,14MHz. It is notable that T  recoveries are always
experimental. As shown in Figure 5, agreement between the two
methods is very good.

Two striking features of Figure 5 are the very rapid decrease of
T, at around £ monolayer from about 200 seconds to 0.4 seconds while
T, increases only slowly, an% the fact that Ty >> T, at low coverages.
For6 >~ 1/4, T,/T.~ 4 x10°, and evenat8 =1, T /T = 20, Itis
clear that a significant change is taking place in the state of the film
between low and high coverages.

If these data can be interpreted in terms of standard BPP theory,
it can be inferred that the large T /T2 ratio indicates that the
adsorbate corresponds to an immgbile, rigid lattice at low coverages,
but that the degree of mobility increases when 6 < L. It is possible
that the initial formation of the film is in rigid-lattice islands on the
lowest energy adsorption sites, and that as the coverage increases a
more mobile film is formed between the islands. Such an
interpretation is consistent with Roy and Halsey's explanation (11) of
the specific heat of helium adsorbed on argon-coated sintered copper.
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Even for monolayer films we find that T_ << Tl' and hence the
adsorbate in all monolayer and submono?ayer coverages is unlikely to
be liquid-like or gas-like. It should be noted that relaxation times
measured on Zeolite (12) have exactly the opposite behaviour in the
sense that T. increases and T_ decreases as the coverage increases.
Zeolite is, of course, a verydifferent structure from Vycor, with
much smaller pores of diameter ~94.

A more precise measurement of the recovery of the magnetisation
particularly the initial part, can be made by spin-echo techniques.
Figure 6 shows the signal amplitude as a function of time taken in this
way, for various frequencies using one monolayer at 0.3K. Clearly
the recovery is not given by one single exponential term, although
the CW method for measuring T, which looks at the later stages of
recovery, did appear to give a s}mple exponential, with a
characteristic time which we referred to above as the '"long component!

Various reasons can be given for non-exponential behaviour. The
most obvious one is the heterogeneity of the adsorbent, which leads to
different spin-lattice interactions at different parts of the surface, and
hence to a range of relaxation times. A second possibility arises from
comparison with solid 3He, where a similar effect is found. In that
case, as discussed in detail by Guyer et al (13), it is due to the
existence of an additional thermal reservoir (the exchange bath)
through which the energy of the Zeeman system passes on its way to the
lattice. The overall process is then determined by the Zeeman-
exchange relaxation time and by the exchange-lattice time, and should
be given by the sum of two exponentials rather than of many. Our data
is not sufficiently accurate to discriminate between the two explanations,
although the second is supported to some extent by the observation
that the character of the recovery is different if the system is first
saturated for a long time. For example, with 3/4 layer coverage a
sequence of 20 pulses separated by 20 msec removes the initial fast
component and the magnetisation recovers exponentially with a long
time constant. A third possible expl anation of non-exponential signals
has been put forward recently by Mullin, Creswell and Cowan (14),
who point out the possibility of anisotropy with respect to field direction
in the case of a randomly oriented adsorbent surface such as that
provided by Vycor. It may be that all of these effects are present to
some degree.

From the graphs of Figure 6 one can extract, for each
frequency, a ''short component' of T  for the initial recovery.

Figure 7 shows that this varies lineafly with frequency, as also
observed with zeolite (12). This may be a characteristic of surface
relaxation, due to anisotropy (14) or heterogeneity of the surface which
leads to a range of correlation times (see also below).
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Figure 6. Spin-echo amplitude as a function of time for a monolayer of *He at 0.3°K,
showing nonexponential decay

The temperature dependence of the relaxation times reveals
another feature which is similar to the case of solid 3He 16)17),
namely (Figure 8) a minimum in the short component of T, as a
function of temperature for 2/3 monolayer coverage (15). According
to BPP theory, the minimum occurs when the diffusion time T is
around the inverse of the Larmor frequency wy,. In solid “He the
Zeeman energy relaxes direct to the lattice at high temperatures,
whereas on the low temperature plateau T, is determined by the
Zeeman-exchange bath relaxation mentioneé above, taking place by
tunnelling or exchange. Although the minima are not very clearly
defined, one can get a rough estimate of an activation energy € by
fitting the temperatures where the minima occur to the equation

T =T, exp(€/T)

giving € =~ 30K and r_=> 10-13 sec. e latter may be interpreted
as the average period0 of vibration of a “He atom in the adsorbed
layer.

A detailed analysis of these and similar experiments is still
taking place, with the assumption that the very shallow minimum is a
result of a wide range of correlation times, with a composite spectral
density of Lorentzian form. Preliminary indications are that this can
explain the linear variation of T, with frequency (Figure 7), and a
large ratio Tl/T (Figure 5); it gives a range of correlation times
varying from 10‘% sec to 10”2 sec.
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The above brief summary has necessarily omitte% a great deal of

detail of the many observations that have been made of “He adsorbed
on Vycor, and also the use of other adsorbents. Although the data are
often difficult to correlate and to analyse in terms of more usual bulk
systems, some progress is being made in understanding them, and the
techniques are a useful tool for characterising the surfaces.

This work was supported in part by the Science Research

Council and by the U,S. Army through its European Research Office
(Grant DA~-ERO-124-74-G0046).
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Magnetic Resonance Studies of Thorium Oxide Catalysts

WALLACE S. BREY, BENJAMIN W. MARTIN, BURTON H. DAVIS, and
RICHARD B. GAMMAGE

Department of Chemistry, University of Florida, Gainesville, Fla. 32611

Thorium oxide, prepared in suitable form with a high sur-
face area, has been found to be active as a heterogeneous cat-
alyst for a variety of vapor phase reactions. For example,
when an alcohol is passed over the oxide, it may be dehydrated
to an olefin or dehydrogenated to a ketone or aldehyde. The
product composition has varied with the investigator, and thus
the course of the reaction must be related to the history of a
particular catalyst sample (1,2,3). Various samples of the
oxide do indeed have different selectivities for the two compet-
ing reactions, and thus thoria, in addition to being a catalyst
of practical importance, presents an interesting system with
which to seek answers to questions concerning the basis for
selectivity of a heterogenous catalyst.

Certain aspects of the alcohol decomposition reaction are
particularly outstanding. Lundeen and Van Hoozer (4) reported
that thoria selectively dehydrates 2-alkanols to l-alkenes,
rather than to the thermodynamically favored 2-alkenes. Results
of J. W. Legg, working in our laboratory, indicate that butanol
is dehydrated almost exclusively to butene-1 over thoria cat-
alysts prepared by heating thorium hydroxide which had been
precipitated by addition of ammonia to a solution of thorium
nitrate (5). More recent studies by Davis demonstrate that this
kind of selectivity, as measured in the dehydration of 2-octanol,
is dependent upon the nature of the catalyst used, varying from
a small preference for 2-octene formation on some samples to a
strong preference for l-octene on others (6,7). It appears
likely that the surface reaction is a concerted one, but the
manner in which the detailed surface structure determines
reaction stereoselectivity is not understood in any detail. Work
by B.H. Davis (7) has demonstrated that alcohol dehydrogenatlon
can be facilitated by pretreatment of the catalyst is an atmos-
phere of oxygen and that alcohol dehydration can be enhanced by
pretreatment in an atmosphere of hydrogen. This result is
certainly suggestive that non-stoichiometric active sites can be
generated on the surface.

216
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In addition to the direct study of the catalytic reactions
and use of other methods such as infrared spectroscopy and
dielectric relaxation measurements, we have extensively applied
magnetic resonance methods in an effort to learn something about
the structure of active thoria and about its interactions with
substrate molecules. Some of the earlier results will be briefly
reviewed and some newer ones will be described in more detail.

Preparation of Active Oxide

Thorium oxide may be prepared from a variety of sources and
its properties depend critically upon the preparation procedure.
Heating of the oxalate, the nitrate, or the hydroxide has been
employed in this work. Material from decomposition of the
oxalate in vacuum is contaminated by carbon deposits and there-
fore the heating was carried out in a stream of air at 600° for
sixohours. Other materials were activated in vacuum at 500° to
600 C.

The hydroxide used as a source of the oxide was prepared by
precipitation by addition of ammonia to a solution of one of the
thorium salts. The surface area, an easily measurable property,
obtained by the BET analysis of adsorption of nitrogen at liquid
nitrogen temperature, is very sensitive to the exact details of
the precipitation procedure, including the initial concentration
of the thorium salt solution, the rate and condition of addition
of ammonia, the pH reached, amount of washing, and so on.

One procedure which consistently produced oxide of area of
the order of 100 square meters per gram involved final precipita-
tion of the hydroxide from a colloidal suspension, following an
initial precipitation. To a thorium salt solution of concentra-
tion about 50 grams per liter, is added ammonia, rapidly with
stirring, until a pH of 7 is reached. The precipitate is fil-
tered off, washed with an amount of water equal to one-half the
volume of the initial solution, and then warmed until it lique-
fies to form a bluish opalescent liquid. Ammonia is again added
to a pH of about 7.2, and the resulting solid is filtered off,
dried at 110° and activated by heating in vacuum at 600° for six
hours.

NMR Spectra of Adsorbed Water and Alcohols

Wide-line NMR spectra were obtained on a Varian DP-60
spectrometer using 80 Hz modulation. The samples were contained
in 5 mm diameter sample tubes attached to vacuum stopcocks and
ground joints, which permitted connection to a vacuum line.

Early results of Lawson (8,9) compared T; and T, values, as
estimated from linewidths and saturation behavior, for water on
thoria made from the hydroxide with those for water on thoria
made from the oxalate, using samples with surface areas in the
range of 10 to 30 square meters per gram. For both types of
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Figure 1. Relaxation times, in seconds, of methanol protons as a function of

the amount of alcohol adsorbed on thorium oxide. The oxide was prepared

from precipitated hydroxide and had a surface area of 14.1 m*/g. Triangles, T;;
circles, T,.
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Figure 2. Relaxation times, in seconds, of water on thorium oxide prepared
from the oxalate. Surface area, 12.5 m?/g. Triangles, T,; circles, T,.
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oxide T, increased with increasing coverage of the surface, the
values geing about 1 to 5 x 10-4 seconds. In some of the samples,
particularly those activated at 500° C, adsorption-desorption
cycles showed marked hysteresis in the linewidth, with lines
broader during desorption. There were also long-time trends:
following adsorption of water, the linewidth increased for a
period of weeks to months. These observations are consistent
with the adsorption-desorption hysteresis and the slow approach
to equilibrium in the thoria-water system found by several
earlier workers making careful measurements of adsorption iso-
therms (10, 11, 12).

Values of T] for water on various samples are either sub-
stantially independent of coverage of the surface or increase
with increasing surface coverage. This is in contrast to the
behavior of methanol, shown in Figure 1, for which T; averaged
over both kinds of hydrogen, decreased with increasing coverage,
as is expected for motional dipole-dipole relaxation when the
correlation time is longer than that corresponding to a minimum
Ty value. For hydroxide-derived samples, the T, values for water
have magnitudes of 1 to 10 seconds; those for the oxalate-derived
samples, which show a striking rise with increasing coverage, as
in Figure 2, are only about one-tenth as long. However, as the
temperature decreases, values of Ty increase, as shown in Figure 3
suggesting that the system is still on the long-correlation-time
side of the T; minimum.

The unexpected increase in T; with increasing surface cover-
age suggests another mechanism of relaxation. One possibility
involves a complication from transfer between two phases, and
another is a relaxation contribution from paramagnetic impurities
in the surface, which would be felt most strongly by the material
first adsorbed.

It was also observed that molecules of methanol, ethanol,
or butylamine adsorbed on these samples of thoria gave a rather
interesting change in spectrum with decrease in temperature. The
peaks broadened around zero degrees and could be partially
resolved over some range of temperature into a broad component
and a narrow component. With further decrease in temperature,
the former component, attributable to the hydrogens in the ad-
sorbed polar group, became too broad to observe and the narrow
component persisted to temperatures of -100° C or below.

The hydrogen resonance of one of the catalysts prepared by
precipitation of the hydroxide from colloidal solution, as
described above, showed the presence of both broad and narrow
lines, as indicated in Figure 4(a). The narrow line was not
detected, however, with the lowest modulation amplitude which
could be set on the instrument. Deuterium oxide was adsorbed on
the sample and then pumped off after one hour. This process was
repeated a number of times over a 48-hour period. Following the
exchange, the broad proton peak had disappeared entirely, and
what remained was a narrow peak, so narrow that now it could be
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detected at the lowest modulation setting. The sample was then
allowed to stand for a week under saturation pressure of D0 and
several further saturation and evacuation cycles in D20 were per-
formed. The amplitude of the narrow peak remained substantially
constant. Back-exchange of the D,0 with H,0 restored the broad
peak and unexpectedly broadened tﬁe narrow peak Thus, we are
left with the surprising situation that the hydrogens responsible
for the narrow peak are not exchangeable with D,0, but are close
enough to exchangeable water to have their linewidth affected by
the presence of H or D in the other water.

ESR Signals of Oxide Samples

The relaxation behavior of water adsorbed on the oxalate-
derived oxide suggested the presence of paramagnetic impurities
in the adsorbent surface. Accordingly, we examined the ESR
spectra of a number of thoria samples, using a Varian 4502-14
X-band spectrometer with a 12-inch magnet, 100 kHz modulation
and dual sample cavity (13). Oxide made by directly heating a
commercial sample of hydrated thorium nitrate showed no ESR
signal when heated at any temperature, but oxide made by thermal
decomposition of hydroxide or of oxalate precipitated from an
aqueous solution of the same material showed spectra such as
those in Figures 5 and 6. Although the hydroxide from nitrate
solution showed a well-developed spectrum after drying at 150°,
the oxalate from the same solution showed no absorption when
similarly treated. Heating the oxide from the hydroxide caused
some changes in detail in the spectrum but no substantial overall
alteration. The oxide from oxalate developed a sharp central
peak at g = 1.994 when heated in air or oxygen at 350°, but this
peak disappeared on heating in vacuum at that temperature, to be
replaced by other absorptions at higher and lower fields. The
spectrum is substantially modified by addition of water vapor,
but subsequent exposure to the atmosphere restores the central
peak, leaving only weak absorptions at the high and low field
positions. Figure 7 shows the results of heating material of
both the hydroxide and oxalate types to high temperatures; it
is striking in view of the low-temperature differences in behav-
jor that the spectra become almost identical. Heating to some-
where between 800° and 1000° C removes all but slight traces of
the ESR signals from all thoria samples.

We have not been able to correlate the intensity or nature
of ESR signals with the relaxation behavior of adsorbed water.
It is, however, surprising that so wide a variety of such signals
can be observed. The modifications of the oxalate-derived oxide
spectra by oxygen and by water indicate that most of the reso-
nances observed arise from surface sites. These sites may be
stabilized by the presence of impurities or the resonances them-
selves may have contributions from an impurity. However,
addition of a wide variety of different species to the thorium
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Figure 3. The temperature dependence of the relaxation times, in seconds, of water on
thorium oxide of area 31.1 m?/g. Water coverage, 16.7 mg/g. Triangles, T,; circles, Ts.
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Figure 4. Spectrum of water on thorium oxide during
exchange with D,0. The oxide, surface area 110 m?/g,
was precipitated from colloidal dispersion. (a) Initial
spectrum after evacuation at 400°C. (b) After ex-
change with D;O. (c) After reexchange with H,O.
(d) After second exchange with D,O. Spectra (a) and
(c) were obtained with higher modulation amplitude
than (b) and (d).
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%Zé

Figure 5. ESR spectra of thorium hydrox-
ide and its dehydration products, taken at
room temperature. (a) Dried 24 hr at 150° 200 2.06
(b) Heated at 350°C for 2 hr. (c) Heated

at 450°C for 4 hr. 9

Figure 6. ESR spectrum of oxides

from thorium oxalate. (a) Heated at

350°C :’ln oxygen. (b) Treatment (a) L 1 1

followed by heating in vacuum at

350°C. (c) Treatment (b) followed 1.96 204
by addition of water vapor at 25°. g
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solution before precipitation--almost every possible transition
metal which might be responsible for the absorptions was employed--
failed to produce spectra resembling those observed.

Failure of the directly-decomposed nitrate to yield an ob-
servable spectrum is further evidence that specific defects
characteristic of a given form of the oxide are associated with
the resonances, and also that the presence of oxides of nitrogen
is not responsible for the spectra, despite the fact that notice-
able quantities of NO; were given off in heating the hydroxide
and the oxalate to 600°, although it must be recognized that
failure to detect the resonance of a paramagnetic species may
depend upon circumstances of its local environment rather than
upon its absence from the sample.

Irradiated Samples

In a further attempt to identify the sources of the absorp-
tions, a sample of very pure thoria was obtained from AERE,
Harwell, England. Spectroscopic analysis at Oak Ridge National
Laboratory showed it to contain 14 ppm Fe, 19 ppm Cr, and 26 ppm
Cu as the principal impurities. The material as received had no
ESR spectrum, but when it was dissolved, reprecipitated, and
ignited to 650° C, giving samples of oxide with surface areas
of from 45 to 90 square meters per gram, two ESR peaks appeared.
One of these, with a g value of 1.9676, is evident in all low-
temperature spectra of materials from this source and is assigned
to the Cr impurity (13).

A number of x-ray and gamma-ray irradiation studies of these
samples were carried out in order to see whether electrons could
be trapped at impurities or defects and thus give ESR patterns
(14). It was found that the second peak in the spectrum, having
a g-value of just under 2.0, was enhanced in intensity by gamma
radiation. Another peak, with g = 2,003 appears after gamma
irradiation at room temperature; its ease of saturation suggests
that its source is trapped electrons. Both it and other nearby
peaks disappear on adsorption of CO, on the surface, to be re-
placed by an anisotropic spectrum with g-values of 2.0048, 2.0089,
and 2,0126, which are too large for the expected CO;~, at least
as found on MgO (15) or in irradiated sodium formate.

Gamma irradiation at liquid nitrogen temperatures resulted
in a spectrum with additional features as illustrated in Figure 8.
The patterns were sorted out by saturation and pulse annealing
experiments. Species B, with an isotropic g value of 2.0059 and
species C, with g values of 2.0102, 2.0016, and 2.0128 appear
to be types of V-centers. The g values of 1.9978 and 2.0000 for
species D, with axial symmetry, along with its ease of saturation
indicate an F-center; signal D remained fairly strong up to room
temperature.

Another sample of the thoria was irradiated with neutrons,
which should create atomic displacements as well as dislodge
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g=2

Figure 7. ESR spectra of thorium oxides. (a) Hydroxide de-

composed at 550°C in air. (b) Oxalate heated at 600°C in oxygen

for 15 hr. (area of 85 m?/g) followed by heating in water vapor

for 24 hr (area of 28 m?/g). (c) Oxalate heated at 600°C in oxy-

gen for 15 hr followed by heating in vacuum at 800°C for 15 hr
(area 68 m?/g).

N

Figure 8. Spectrum at 100°C of thoria gamma-
irradiated at liquid nitrogen temperature. Let-
ters refer to signals mentioned in the text.
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electrons. The sample, examined in air at room temperature four
months after irradiation showed at least three sharp peaks, super-
imposed on a broad absorption. The spectrum was not much changed
by heating in vacuum; lowering the temperature of the sample to
100 K had the effect of making visible the Cr resonance. A sharp
peak with a g-value of 2.0018 was assigned to an F-center; since
it was unaffected by the atmosphere, it is a bulk rather than
surface defect. On warming the sample to 100° C and then to 200°
C, the F-center resonance gives way to an anisotropic signal with
an average g value near 1.998, which resembles the F; center in
MgO, and then this signal is replaced by one at 2.0034 with the
saturation behavior of a V center. These results clearly indicate
the possibility of observing bulk defects in the thoria and
demonstrate that they are quite different in characteristics from
the peaks associated primarily with surface defects in samples

not neutron-irradiated.

Adsorption of Carbon Monoxide

When CO was admitted to a sample of active oxide prepared
from the AERE thoria, there was formed a species having an ESR
signal similar to the signal reported for CO on magnesium oxide
by Lunsford (16). Within a few minutes, this signal was replaced
by another spectrum, shown in Figure 9. These signals increase
in intensity over a period of several hundred hours and change
reversibly between spectrometer temperatures of 310 K and 100 K.
They are associated with strongly bound CO, since they continue
to grow after the CO in the gas phase has been pumped out. Thus
we interpret the slow process as a migration of a defect from
the interior of the solid to react with an adsorbate molecule by
donating an unpaired electron to the antibonding CO orbital,
leading to a nearly neutral complex.

The adsorption to CO on MgO is reversible, for the molecules
can be pumped off unchanged at higher temperatures. For the
CO-ThO, system, however, raising the temperature while pumping
leads to a series of ESR patterns which indicate that the adsorb-
ate reacts with the surface to form C0,~, and at still higher
temperatures there is a disproportionation reaction which leaves
a deposit of carbon on the surface, evident by its characteristic
broad ESR signal.

ESR Spectra of Adsorbed Nitric Oxide

Nitric oxide hasza diamagnetic ground state, 2H , but the
first excited state, HS 29 lies only 0.015 eV higher’ and thus
accounts for the paramagéetism of nitric oxide at room temperature.
Under the influence of the field of the adsorbent, the degeneracy
of the ground state of the molecule is lifted. The adsorption of
nitric oxide on other catalyst surfaces has been investigated (17),

and it seems profitable to make comparisons with adsorption on
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Figure 9. ESR spectra of products of adsorption of CO on thorium oxide.

(a) Spectrum at 100°K five minutes after admission of 100 torr of CO at room

temperature. (b) Same system at 100°K, after 240 hr. at room temperature.
(c) Same sample as infb) but with spectrum obtained at 298°K.
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Th02.

All ESR spectra were obtained at liquid nitrogen temperature
in a Varian E-3 spectrometer. The samples were contained in
quartz tubes fitted with glass vacuum stopcocks and ground joints
for attachment to a vacuum line for activation and addition of
nitric oxide. The nitric oxide used was purified by passage
through a 40 cm column of 60-200 mesh silica gel powder in a tube
immersed in dry ice-acetone. An attempt was made to determine an
adsorption isotherm for NO at -142° C, but the amount adsorbed
was constant at 41 + 2 milligrams NO per gram ThOj over the range
of pressure from the lowest measurable in the apparatus up to
P/P _equal to 0.25, indicating ready saturation of a few active
sités at very low pressure.

Three samples of thoria were employed in the study. In each
case, the material was prepared by dissolving a salt of thorium
in water at a concentration of 50 grams per liter, and then
carrying out two successive precipitations, the second being from
a colloidal suspension, as described above. As we have indicated
earlier, many samples of thorium oxide exhibit rather complex ESR
spectra. Of the three salts used in this study--the nitrate,
bromide, and iodide--only the last yielded an oxide with an ESR
spectrum clean enough to allow the spectrum of the adsorbed NO to
be analyzed unambiguously, although once this spectrum was in
hand, it was possible to see that the NO plus thoria spectra of
the other samples are indeed superpositions of the same NO
spectrum on the particular oxide background. The surface areas
of the three oxides were 112, 74, and 104 square meters per gram,
respectively, and the ESR spectra are shown in Figures 10-12.
Although some of the oxide ESR signals are associated with
surface sites, it was not possible clearly to observe the loss of
any part of the spectrum as the result of NO adsorption.

The spectra obtained are powder spectra, characteristic of
randomly oriented nitric oxide molecules, and correspond very
closely to the case of axial symmetry. The g values of 1.995 and
1.930 are quite consistent with the values previously reported
for adsorbed NO and distinctive1§ lower than those assigned to
the possible species NO, or NO,"“. Only the perpendicular com-
ponent of the hyperfine“splitting is observed, and the value of
28.5 * 1 gauss is also consistent with literature values and char-
acteristic of NO rather than of the other possible species, for
which the magnitudes are roughly double this_value.

For the hyperfine interaction with the 14N nuclear spin,
the single splitting observed appears to involve only one of the
two components of the apparent g, absorption, either the g _ or
the g component. This is a consequence of the fact that
the and A tensors each have a separate principal axis system
(18) and results in a lower observed intensity of the aMp = 1
components. This situation may be interpreted as resulting
from the unpaired electron being in an almost pure p-type orbital
in agreement with the conclusions drawn by Lunsford for cases of
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nitric oxide adsorbed on magnesium oxide (17), zeolites (19), and
zinc oxide and sulfide (20). "

Analysis of the g-factors can be based on the equations
derived by Kinzig et al. for the superoxide ion, 0, (21, 223,
and modified by Gardner and Weinberger to account fG6r the change
in sign of the spin-orbit coupling constant (23). First, the
crystal field splitting, A, may be calculated using

= - 2, \241/2
g, = 8 - 208/(57 + &%)

where g, is the free electron g-value, 2.0023, % is an effective
orbital angular momentum quantum number, equal to unity for the
free molecule, and taken to be 1 here, £ is the spin-orbit coupl-
ing constant, here taken to be 0.015 eV (24), and A is the
splitting between the 2pm% and 2pm} levels, whose degeneracy is
removed under the influence of the crystalline electric field

and the applied magnetic field. Using the calculated value of

A, excitation energy E may be calculated employing

Byx = 8gB/6 - L/E(A/S - t/§ - 1)

where 6 = (g2 + A2)1/2.

From this analysis, A is found to be 0.41 eV, which is a
value intermediate between that of 0.14 found for Zeolite-X (23),
and the value of 0,60 observed for decationated Y-Zeolite. The
magnitude of E for thorium oxide is 5.09 eV, and the decrease in
E from 5.45 eV for the free molecule is in agreement with the
decrease observed for adsorption on zeolites.

It is striking that no evidence is found for the formation
of NO,, which has been observed on other catalyst surfaces with
available oxygen (25, 26).

An interesting aspect of this study was the observation that
the ESR signal disappeared if the sample was allowed to warm to
room temperature between the stage of NO adsorption and placing
the sample in the spectrometer. Spot tests applied to the sur-
face of the oxide after it had been in contact with NO at room
temperature and was then degassed indicated the presence of _
nitrite ion. This suggested the possibility that NOp or NO,
might have been formed. However, as mentioned above, both these
species have hyperfine splitting values considerably larger than
those observed here, as well as at least two out of the three
g-tensor components of 2.00 or larger. No change in the adsorb-
ate spectrum with time could be observed; it simply decreased in
intensity.

Shaking the solid with distilled water and testing the
liquid alone failed to give a positive test, implying that the NO
is bonded to the thoria to give an insoluble substance, possibly
a trivalent thorium compound, such as Th(0)-0-NO, from which
nitrite ion is liberated by treatment with acid.
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Figure 10. ESR spectrum of nitric oxide Figure 11. ESR spectrum of nitric oxide
on oxide made from hydroxide precipita- on oxide made from hydroxide precipi-
ted from thorium nitrate solution tated from thorium bromide solution

Figure 12. ESR spectrum of nitric oxide on
oxide made from hydroxide
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Reaction of Vanadium Tetrachloride with Surface Hydroxyls

As yet another way of looking at the surface structure of
thoria, we have applied the method of Chien (27), in which
vanadium tetrachloride is allowed to react with hydroxyl groups
on the surface of an oxide. This affords an excellent para-
magnetic probe, because the unreacted VCl, has a broad, undect-
able spin resonance signal, but the product of the reaction has a
characteristic eight-line spectrum. Furthermore, other oxidation
states of vanadium should not confuse the interpretation, since
their absorptions show the effect of fine structure.

For the oxides used by Chien, he was able to follow the
stoichiometry of the reaction by conventional chemical determina-
tion of the hydrogen chloride liberated in the reaction. With
thorium hydroxide, however, we encountered the complication that
the amount of HCl released was only a fraction of that which must
have been formed, indicating strong retention of the reaction
product by the oxide surface. In addition to the spectral
intensity, which permits a good evaluation of the amount of VCl
reacted with the surface, an additional parameter obtainable from
the ESR results is the magnitude of the ''superexchange' inter-
action between adjoining paramagnetic species. A computer pro-
gram has been written to simulate the ESR lineshape, treating the
processes leading to collapse of the hyperfine multiplet accord-
ing to the Anderson-Kubo theory (28, 29) and Jensen's extension
of the stochastic Liouville equation for isotropic rotational
diffusion (30). The exchange parameter was then estimated by
comparison with the observed spectra.

The hydroxyl content of the oxide surface was assumed to be
equal to the loss in weight on heating the sample to constant
weight at 800°, and the total amount of vanadium held by the oxide
was checked by atomic absorption spectroscopy . The oxide had
initially about 4 OH groups per nm ; increments of water were
added to increase this concentration, and it appears.,that the
capacity of the surface is about 18 OH groups per nm“. Analysis
of the exchange interactions indicated that each vanadium bonds
to the surface through two hydroxyl groups. Even when the number
of hydroxyl groups on the surface is relatively low, the majority
of them seem to be close enough to allow this type of bonding.

Summazz

Each of the magnetic resonance techniques applied to the
study of high-area thoria has given some insight into the com-
plexities of structure of this material, but has raised as many
questions as have been answered. Thus there still remains
extensive additional work to be done before the details of the
manifold structures in which this material is encountered can be
fully understood.
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An NMR Study of Surface Complexes under the
Conditions of Fast Exchange between Physisorbed and
Chemisorbed Molecules

V. YU. BOROVKOV, G. M. ZHIDOMIROV, and V. B. KAZANSKY
Zelinsky Institute of Organic Chemistry of Academy of Sciences USSR, Moscow, U.S.S.R.

The phenomenon of fast exchange between bound

and free solvent molecules is widelyused for the in-
vestigation of complexformation in solutions by
high resolution NMR.

It was determined /4,2/, that on the surfaces of
solids such as silica, silica=-alumina and alumina, a
fast exchange can take place between differernt kinds
of adsorbed species. This exchange leads to an effec-
tive averaging of the NMR spectra of physically ad-
sorbed molecules and those molecules coordinated by
active surface sites. Hence, the parameters of the
observed spectra contain information about the inter-
action of the adsorbate with the surface sites. The
existence of such exchange leads also to the conside-
rable increase in the NMR sensitivity for detection
of the complex formation. This fact will be made ob-
vious by the experimental results discussed in this
paper.

The use of isolated transition metal ions as the
active surface sites allows one to considerably in-
crease the efficacy of NMR for the study of surface
phenomena. In addition to line broadening, large pa-
ramagnetic shifts appear in the NMR spectra of the
adsorbates, and the latter especially gives informa-
tion corncerning the interaction between coordinated
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molecules and transition metal ions.

Experimental

In our work we used samples of Aerosil, which
contained gn the suEfaoe coordinatively unsaturated
ions of Coc* and Ni¢*, and Y- zeolites in which the
Nat ions were partially substituted with bivalent co-
balt and nickel ions. The method of sample prepara-
tion and the conditions of their pretreatment were
described in detail in /3/. The NMR measurements were
performed using a Soviet-made NMR spectrometer having
an operating frequency of 60 MHz. The main technical
data and the process of simultaneous measurements of
NMR spectra and adsorbtion isothermes for the adsor—
bates were also described in /3/.

Before measurements the investigated substances
were purified by the freeze-pump-thaw method. Mole-
cular hydrogen was purified by diffusion through a
glowing palladium capillary.

Experimental Results

The criterion for the detection of interaction
of adsorbed molecules with paramagnetic surface ions
is the existence of large paramagnetic shifts in the
NMR spectra of the adsorbates and the dependence of
these shifts on the surface coverage /1, 3/«

Fig. 41 shows the PMR spectra of propylene ad-
sorbed on nickel-containing Aerosil. Line shifts, on
the order of several tens of p.p.m., and their depen-
dence on the equilibrium pressure in the system gre-
atly testify to the cgmplex formation of the propy-
lene molecule with Ni<* ion.

We have investigated the adsorption of many d4if-
ferent molecules - benzene, unsaturated hydrocarbons
éethylene, propylene, butene, cyclohexene), alcohols

methanol, ethanol), saturated hydrocarbons (methane,
isopentane, n-hexane, cyclohexane, cis and trans-1,4-
-dimethylcyclohexanes and molecular hydrogen - on
adsorbents which have contained cobalt and nickel
ions. The results of these investigations are given
in table 4, in which the plus or minus sign corres-
ponds to the existance or absence of large paramagne-
tic shifts in the NMR spectra of adsorbed species.
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Figure 1. NMR spectra of propylene adsorbed on Ni** containing Aerosil at
equilibrium pressures of 3, 6, 15, and 150 Torr, respectively. All spectra were
recorded at +10°C.
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Table 1.
adsorbent 002+ on N12+ on CoNaY
adsorbate Aerosil Aerosil NiNaY
Benczene + -
Unsaturated hydrocarbons + +
Alcohols +
Saturated hydrocarbons + -
Hydrogen + + +

The PMR spectra of each kind of adsorbed sub-
stance hasg characteristic features. For example, PMR
spectra of unsaturated hydrocarbons /4/, as a rule,
consist of several lines. The lines corresponding to
the vinyl protons are shifted to higher fields rela=-
tive to the position of these lines in the spectra of
paysisorbed molecules. On the other hand, the protons
on a methyl or methylene group adjacent to a double
bond are shifted to lower fields. Protons at greater
distance from the double bond show no change. Some-
times in PMR spectra one can detect the nonequivalen-
cy of the protons located near a double bond. This is
the reason for the appearance of four lines in the
spectra of propylene adsorbed on nickel-containing
Aerosil (see fig. 1 d).

PMR spectra of alcohols also consist of several
lines. Lines of CHp and CHz groups are shifted to
lower field, and the position of the lines for the
hydroxyl group changes very little.

Adsorption of all saturated hydrocarbons on co-
balt supported Aerosil gave a single symmetrical line
shifted to higher fields. The observed shifts ranged
over several tens of p.p.m.

Hydrogen adsorption on Aerosil containing cobalt
or nickel was studied at liquid nitrogen temperature.
It is interesting to note that for the cobalt-con-
taining samples, the line for adsorbed hydrogen was
shifted to higher fields, but for nickel samples the
shift was in the opposite direction. Upon adsorption
of hydrogen on CoNaY and NiNaY zeolites at tempera-
tures below 0°C, one observes a line shifted to lower
field for both adsorbents. The shift values are weak—
ly dependent on surface coverage and show an exponen-
tial increase with a decrease in temperature.

Using the dependence line shifts on coverage,
all complexes which we detected by means of PMR, can
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be divided into three different groups.

The first one includes the complexes of benzene,
unsaturated hydrocarbons and alcohols, for which is
observed a linear increase of shift on decrease in
coverage (Fig. 2, 1). The complexes of saturated hyd-
rocarbons with Co2+ ions belong to the second group.
For all saturated species investigated by us the de-
pendence of the shifts on coverage was similar to
that represented on fig. 2, curve 2. In the third
group we place the complexes of hydrogen with Co2+
and Ni2+ ions in Y zeolite, for which there is almost
no dependence of the shifts on the amount of the
hydrogen adsorptign.

A study of 15C NMR spectra of these same adsorb-
ed molecules would allow us to obtain importent in-
formation about the adsorbate-adsorbent interaction.
Unfortunately, the small natural abundence of 13¢,
and the small magnetic moment of this nucleus, hamper
the application of 13¢ NMR for investigating surface
phenomena. From our point of view, the resonance of
the 1 nucleus is more convenient for this purpose.
The ﬁgale ofshifts for this nucleus is larger than
for 12°C and its large magnetic moment provides large
sengitivity. It allows one to obtalin well resolved
NMR spectra of adsorbed species without any difficul-
ties.

At this time we are begining fhe systematic in-
vestigation of adsorption using 1 NMR. For example
fig. 3 shows the NMR spectra of pentafluorobenzene
adsorbed on pure Aerosil and Aerosil containing Co<*
ions. One can see that the lines for the different
kinds of F atoms in the molecule have different para-
magnetic shifts. We have already investigated the set
of fluorine substituted benzenes CgFg, CGFEH and
CgFHs on cobalt=containing Aerosil. ghe main feature
ogthe spectra of these compounds is a shift of the
1 lines to lower fields. This is in contrast to the

direction of the shift in the TH NMR spectra of CeHe
adsorbed on the same system.
Theory

The theoretical description of the NMR spectra
for the molecules undergoing exchange between the
sites of physisorption and chemisorption deals with
the problem of the averaging of the NMR spectra by
dynemic motion of the molecules. As it will be shown
below the methods developed in general theory /8/
can be applied to the description of the NMR spectra
of adsorbed molecules.
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T Y f/ ( cmsl’lTP)'1
05 10 4% 9
Figure 2. Dependence of the NMR line shifts upon the amount adsorbed for (1) ben-

zene and (2) cyclohexane on a Co'%-containing Aerosil. The spectra were recorded at
room temperature.

(a) -J

Figure 3. NMR spectra of pentafluorobenzene adsorbed on (a) pure Aerosil and (b)
Co*-containing Aerosil. The spectra were recorded at room temperature.
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@f ; In the case of fast exchange the observed shift

(J‘= F%'(J; 1)
where v

P = -vg - the mole fraction of chemisorbed mole-~
cules.c
V = Vc + V_ the full number of adsorbed molecu-

les.(f; = the line shift in NMR spectra of chemisorb-
ed molecule relative to it's position for physisorbed
molecule.
The amount of chemisorbed molecules is given by
the equelibrium Ki
N+ O :idlﬁlc (2)

!
KVpMe =Ve ; K=%¥fe, , O
here Né is the number of empty sites for chemisorp-

tion. v
For the case P &P (P = ~yR) from (2) and (3)
(o] jo) p
it follows K M-
P,= 5 (4)
1+KV

(4) gives the possibility of considering the
quantity as a function of Ng, the full number of che-
misorption sites (N, = N} + V¢), and the number of
adsorbed molecules V.

Depending on the value of KV, two limiting situa-
tions can take places

1) "strong" complex: KV>»1

= 2%;({L &)

Such a situation occures for the complexes of
benzene, unsaturated hydrocarbons and alcohols, which
we earlier referred to as the first class of com-
pounds.

2) "weak" complex: KV<<1.

o= Mo Kde = We Ko 2" ot (6)

This kind of complex corresponds to the comple-
xes of molecular hydrogen with Co2+ and Ni2+ ions in
zeolites.

It should be noted, that the exchange in the
system may occur either by a "dissoclative"” mechanism
(scheme /2/) or by a mechanism of substitution:

Mo+ M), 2 M+ M (7)
This explains, in particular, the existance of
fast exchange in the case of rather strong complexes
(with large values of AH) since the rate of exchange
will be determined by the activation energy of this
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process. The experimental results show that the acti-
vation energy of the substitutional process may be
rather small and such situations may occur rather of-
ten. An example of this is the existence of fast ex-
change between molecules,_of alcohol physically adsorb-
ed and coordinated by Ni2* ions.

For the theoretical description of NMR spectra
of adsorbates at any rates of exchange, we shall use
as a model one which considers the migration of the
adsorbed molecules between the sites of physical ad-
sorption (p) and chemisaorption (¢) /9, 10/. We as-
sume the number of chemisorption sites is much smaller
than the number for physisorption.

For the life times of th% molecules_in the state
(p) and (c) let us assign‘ip=P&— and To=p>—, respecti-
vely. The value of Tp characterises the tile scale,
depending upon the exchange kinetics

T - 41
Lo = Koy + KV (8)

It is natural to propose that owing to the fast
migrations of the molecules the NMR line shape for
p-molecules is Lorenzian (f/uwy) with line width Au).
On the contrary, the line shape of the coordinated
c-molecules should be nonhomogeniously-broadened line
of complicate form f(w).

So the task arises of averaging the Lorenzian
line and the nonhomogeniously-broadened line.

1. The first method /9/ for the calculation of
the resulting line shape is based on the consideration
of the adiabatic averaging of the spectral contour
@ (w) due to random noncorrelated jumpwise changes of
frequencies w with mean life time ‘Lo in state
with a givenW inside of the contour P (wW).

For the system under discussion such a contour ig

P(w) = £, £(w) + P, F(w) (9)

Por f(w ) it is convenient to consider an aggre-
gate of Lorenzian lines with line widths AW, and with
distribution function g(w) (§g(w)dw = 1). The rela~
xation function X(T ) for the system of particles
with spin 1/2 averaged over all exchange process pos-—
sibilities in accordance with the model proposed
above can be found from the equation:F

T < -t
¥ (D)= "R(T0) + Y, S, REA)E T XW)olt (405
RT) = §-. e T p(w) dw
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2. A second approach /10/ is based on the appli-
cation of modified Bloch's equations /11/. This ap-
proach preserves all the main features of model I,
but for practical caloulations it sometimes proves to
be preferasble. The modified Bloch's equations for the
chemical exchange in this case are:

Mn : Ppa MP+ L PmaMm- (?;an)Mn - pn.p Ma+t (11)

+ ((Wn+ iAWn-U) Mn +iYPe ¥
Here it 1s accepted that the form of the line in the
state ¢ 1s the superposition of N Lorentzian lines
with resonance frequencies Wn and line width 4w,; fp
is the relative intensity ofthe lines, gﬁ and M, are
magnetic moments; Y =¥ H,M,» Hq is the gnetic com-
ponent of the radiofrequency field, M, is the full

ti ts; - ! PR ! [
magnetic momen ' pnp’ NP/‘ZCN > 'ppn:' *n-sA/C/ZPN )
Pom = Fm N‘/T,CN' I W'z Wp+Me

Equation (11) can be generalized to the direct
consideration of the averaging influence of the ion's
spin-lattice relaxation (T4q¢) on the NMR spectra of
the adsorbed molecules. It is important as these ions
can be the sites of chemisorption. In /10/ the general
equations for NMR line shape were derived for arbitra-
ry values of T, T, and T4, and the method for calcu-
lation was givén. Xs an example, the line shape of an
NMR spectrum at different rates of exchange is repre-
sented in fig. 4 for the case
%(w):{ 0 Wgw, Wiy
and 1/w.l-w1 wyudwi< U‘)Z

Tp=Te § Po=P ), Wyp-wy= AW
Discussion

1. Investigation of the dependence of NMR spectra
parameters on temperature and surface coverage of ad-
sorbed species gives, in principle, the opportunity
for the determination of the equelibrium constants K
and heats of complex formation H. Fig. 5, shows the
dependence o' vs ¥T for the complexes of hydrogen in
CoNaY and NiNaY zeolites, a situation in which "weak"
copplexes form (6). The heat of complex formation,
4 s corresponds to the gifferencg between the
heats of Hp adsorption on Co<* and Nic+ ions and that
for physisorption alone. 24
Complexes of saturated hydrocarbons with Co
ions, referred to as the second group of compounds,
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Figure 4. The line shape of NMR spectrum at different
rates of exchange between physisorbed and chemisorbed
species
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correspond to complexes of "intermediate" strength,
and expression (ﬁg is the one to use for them. In
this case it is convinient to analyse the dependence
of o vs V. Measurements performed at different tem~
peratures showed that the heat of such complex forma-
tion exceeded the heat of physisorption by 2-3 kcal .

2. To interpret the line shifts in NMR spectra
caused by complexation of adsorbed molecules with
paramagnetic ions, one should take into account that
these shifts can be produced by both contact and
pseudocontact hyperfine interactions of the molecule's
nuclei with the unpaired electrons of the ions. The
relative contribution of these interactions depends
on the coordinative environment of the ions in the
lattice. Spectroscopic studies /12, 13/ have alloweg
us to conclude that the coordination of Co2+ and Nic+
ions supported on Aerosil is either tetrahedral or
trigonal. The data on investigation of the complexes
in solutionsg show Zhat a pseudocontact interaction
for tetrahedral Co<t* ions is small /14, 15/. The lat-
ter is coused by the absence of orbital degeneration
and relative small values of the g-tensor anisotropy
of such ions.

For our systems, the shifts in NMR spectra of
adsorbates seems to be caused by contact interaction.
This conclusion is confirmed by the different direc—
tions of the line shifts for neighboring nuclei in
one molecule (for example, propylene) and also for
the molecules such as benzene and the fluorobenzenes
which have similar geometrical structures but have
line shifts going in opposite directions.

Let us consider the trigonal coordination of the
ions, which is schematically represenged in fig. 6.
For such a case the 4,2 orbital of Co<* ion oontaigs
an unpaired electron whereas the dz2 orbital of Nie+
ion is occupied by a pair of electrons. This fact al-
lows us to explain the much larger value of the con=
tagt paramagnetic shift for benzene. coordinated withz*
Co2+ in comparison with that for Ni%* ion. In the Co
/Aerosil samples the delocalization of the unpaired
electron from the ion's 4,2 orbital onto the % -mole=
cular orbital of benzene is predominent because of
the large overlaping of the dz2-orbital with the
T -system of benzene. For Ni2+ ions this contribution
in the contact shift is absent.

Data on the shifts for unsaturated hydrocarbons
can be explained by the assumption ¥ -complex forma-
tion (see fig. 7). Thus, in the case of propylene de-
localization of the unpaired electron onto the fi-bond-
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Figure 5. Line shifts to lower fields (Hz) as a function of the inverse absolute
temperature in NMR spectra of adsorbed hydrogen on (1) CoNaY zeolite and

(2) NiNaY zeolite
e —— dxy,dxz—yz
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Figure 6. Energy level splitting and wave functions of a single 3d elec-
tron in trigonal coordination
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ing orbital of the molecule should lead to the ap-
pearence of a positive spin density on the protons
of the methyl group and a negative one on the protons
at the double bond. Such a distribution of spin den-
sities corresponds to the directions of the experi-
mentally observed shifts.

For the interpretation of the data on shifts
for saturated hydrocarbons we use a G ~structure of
complex, which is schematically represented in fig.8.
Structures of such type were proposed for complexes
of free Ji -electron N-oxide radicals with organic
ligands /16,17/ . We want to emphasize the possible
anology of such complexes (see fig. 8). This to our
own is confirmed by the direction (towards high
field) of the proton chemical shifts in the complexes
both with radicals and with ions. In our oppinion,
this type of coordination is also supported by the
character of the PMR spectrum is having a single
line with equal shifts for all protons.

0 d

dZL dxy7dx, 2 O xy,de_Jz
( ;0,0 ( }0( )
C{ @ é

Figure 7. The bonding in surface =-complexes of unsaturated hydrocarbons with (a)
Co* and (b) Ni* ions
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Figure 8. The bonding in complexes of saturated hydrocarbons
with (a) a surface Co* ion and (b) an N-oxide stable radical

The calculation in the frame of a three orbital
structure /6/ - d,2 orbital of the lon and the btond-
ing and untibonding orbitals of the CH-bond allowed
us to obtain the following formula for the value of
spin density on the H atom

Pu~ - Elye., (12)

where E,~- is the coordination energy, Egy - is the
energy of CH_ btond. Thus, for n-hexane assuming

ECH ~ 100 #8381 , and Ec~ 2,5 H8§- , we obtain £~ -10"%
¢+ -10"2. The order of this value corresponds to the
experiment.
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Some Applications of High Resolution NMR to the
Study of Gas—Solid Interactions

I. Chemical Shift of Nuclei At Solid Surfaces II. Chemisorption of
Hydrogen on Oxide-Supported Platinum

J. L. BONARDET, L. C. MENORVAL, and J. FRAISSARD

Laboratoire de Chimie des Surfaces, Universite P. et M. Curie, 4 Place Jussieu,
75230 Paris Cedex 05

Some years ago, it was pointed out that high-resolution
N.M.R. was a promising method for determining the structure of
chemically adsorbed phases (l,g,g). Indeed, HR-N.M.R. studiescar-
ried out on molecules adsorbed on diamagnetic solid surface indi-
cated that proton resonance frequencies deviate from free molecu-
le values. These variations may represent a disturbance of the
electron distribution in the molecule during the adsorption, and
consequently allow the determination of the electron distribution
in the chemisorbed complex., The intrinsic shift varies with the
nature of the functional group. Indeed, the adsorption processcan
affect the electron environment of a single type of proton when
there is preferential orientation of the molecule with respect to
the surface of the solid.

However, studies of this sort were for a long time not very
numerous. In our opinion, this was due to the fact that it was
only possible to follow the evolution of the spectrum of an adsonr-
bed phase in terms of different parameters. But the intrinsic po-
sitions of the lines with respect to the standard references were
unknown because of the difficulty in calculating the real chemi-
cal shift of a heterogeneous sample. Indeed, for a variety of
reasons(wide lines, competitive adsorption, etc.) only the method
of substitution can be used for measuring N.M.R. chemical shifts
of adsorbed phases : the reference and the sample are put into
two identical glass tubes and are studied successively. It is ne-
cessary, therefore, to correct the observed chemical shift for the
bulk magnetic susceptibility of both the solid and the adsorbed
gas. Unfortunately, because of the small quantity of powder used,
the low sensitivity of the balances and inadequate knowledge of
the apparent density of a powder, it is difficult to estimate
the small volume susceptibility of powders accurately by conven-
tional techniques (the Faraday balance for example). Now, bymeans
of a new method associating N.M.R. and physical adsorption, the
bulk susceptibility of the adsorbent can be measured directly and
thus the chemical shift can be corrected accurately (4,5). It be-
come then possible to study heterogeneous systems, in particular
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equilibria, as for homogeneous systems, even though the number of
chemical species present in a heterogeneous system is often grea-
terthan that in a homogeneous systen.The following tvo examples de-~

monstrate that N.M.R. can now be used to study chemiscrption ei~

ther on non-conducting oxides or on metals.

I- Determination of the Bronsted acid strength of oxide catalysts

I-1 Theory. The Bronsted acidity of homogeneous samples
may be characterized either by the dissociation constant of -OH
group or by the. NMR. chemical shift of the hydrogen atom. The elec-
tronic environment of a nucleus is determined by its screening
constant which is characterized by the chemical shift §. Besides,
with liquids or gases, the shape and the width of HR-NMR spectra
are sensitive to time-dependent processes which occur at rates
similar to the difference in spectral frequency measured in Hz.
For processes which are slower than the critical rate, spectra
appear as superpositions of distinct parts corresponding to indi-~
vidual species. For rapid processes, the spectra are determined
?y)the time-averaged environment of the nuclei under investigation

6).

In solid samples, atom movements are very slow compared to
those in liquids and gases. Then the strong dipolar interactions
of spins are not reduced to zero by time-averaging and NMR lines
are very wide (of the order of one gauss). Consequently the di-
rect measurement of nuclear chemical shifts is impossible. The
principle of our work is to make the surface proton take part in
heterogeneous equilibrium using the adsorption of a molecule AH
able to accept a proton (eq 1)

S-OH + AHZ=> $-0° + AH) 1
When rapid exchange occurs between the proton of the surface
S-OH and those of the adsorbed molecule AH, the acid proton must
affect the chemical shift of the adsorbed phase. The HR spectrum
should contain only one line at frequency Per due to the coales-
cence of the lines at frequencies Ypy' faHo » and Jog. Then
the observed chemical shift 8,4 1is

8 = Pop 5(oH) + Py 5(AH) + P

5 (AHS 2
obs ( 2)

AH2
where Py is the concentration of hydrogen atoms in tbe group 1 .
Knowing the chemical shift of t?e two nuclear types in the AH
and AH ' species (for example 'H and 1N or 170 ...), the rela-
tive cOncentrations Py and PAH2+, the dissociation coefficient
of OH in the equilibrium 1 , and the chemical shift 5(OH) of the
surface proton can be calculated.

I-2 Chemical shifts of NHy and NH,*. The 'H chemical
shift of gaseous NH3 at 50 torrs is 0.06 ppm relative to gaseous
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TMS at a pressure of 1 torr. 6(NH4+) is measured using an aqueous
solution of NH4NH3 containing dioxane as the internal reference
and nitric acid to prevent any proton exchange between NH4t* and
Hp0. Relative to NH3 gas : 8(NHg') = 6.9 ppm. The 1°N signal of

15NH, has been detected at a pressu§g of 100 torr. As previous-
1y (15 H4+) has been measured using NH41 NO; in aqueous solu-
tion. Relative to 15NH3 gas : & 15(NH4*) = 43.5 ppn. This value is
in agreement with that calculated from the literature (7,8,9).

I-3 Adsorption of ammonia on zeolithes. First, this hypo-
thesis was checked by means of ammonia adsorption on dehydrated
NH4Y zeolithe. Ammonium cations are found inside the silico-
aluminate cages. In a rigid lattice, the half-width of the NH,*
signal is about 32 KHz. At room temperature the hydrogen atoms in
NH4Y are able to exchange between different sites ; the nuclear
dipolar interactions are time-averaged and the line width is only
8 KHz. However, the maximum sweep field of our apparatus is 4 KHz,
Thus the NH4+ signal cannot be detected at high resolution. But as
soon as the zeolithe adsorbs a small amount of ammonia, a signal
is detected whose position & and width AH depend on the relative
concentrations of the NH4+ and NH3 species. This signal characte-
rizes the exchange

+ +
. H . -— N, N. H
Nl 4 + NJ H3 i H3 + 5 i 3
between the protons of ammonium cations and those of the adsorbed
molecules. As the NMR experiments are performed at 60 MHZ, the ex~

change frequency is higher than

Ap = U(NH ) - p(NH,) = 420 Hz, This illus-
trates that, from the chemical shift” point of view, the influen-
ce of the nuclear movement upon the spectral shape is similar, re-
gardlessof anyoverlapping of the linesrelated to the different si-
tes. Extrapolating to zero concentration of adsorbed ammonia, we
find that the real chemical shift of the ammonium zeolithe protons
which cannot be directly measured, is 7.0 + 0.1 ppm.

Under the same conditions we have studied ammonia adsorption
on NaY zeolithe. Compared to the previous results, the width and
the chemical shift of the signal are very low, showing that only
physisorption occurs in this case (for example, at a pressure of
3 torrs, & = 0.65 ppm and AH = 220 Hz).

The zeolithe HY is obtained by thermal decomposition of the zeoli-
the NH4+Y' under vacuum. The HR-NMR spectrum.of the OH groups of
the zeolithe HY cannot be detected. But after adsorption of a
quantity of ammonia greater than that eliminated in reaction 4
a signal whose intensity and position & depend on the NH; con-
centration, can be detected. Ammonia can be adsorbed on the OH
groups (site I) and on other sites II. The possible reactions bet-
ween NH3 and the solid surface are the following :- transfer of a
surface proton to a molecule (NH3)4q adsorbed on OH
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4

- proton transfer inside the adsorbed phase and exchange of adsor-
bed molecules on the different sites

XOH + (NH3)‘.%:;XO" + NH * 4

+ +
(NH3 - H )I + (NH3)H—“ (NH3)I + (NH3— H )II 5
(NHB)I + (NH3)H = (NHB)II + (NH3)I 6

Thus, & must depend on the O0O-H dissociation and on the relative
concentration in NH4* and NHy adsorbed whether on OH(site I) or on
other site (site II). The presence of a single line in the spec-
trun indicates that the lines of these species are in coalescence.
During desorption under vacuum at room temperature, the value of
© increases with the amount of ammonia eliminated. But it is ob-
served that : a) there always remains in the solid an amount of
ammonia at least equal to that eliminated in reaction 4a,b) the
chemical shift, determined forthis concentration by extrapolation
of the § = £( NHq ) plot, is 7 ppm. These results prove that reac-
tion 4B is displaced completely to the right. Consequently, it can
be deduced that the acidity of the OH group in zeolithe HY is very
high. But the chemical shift & (OH) of this solid cannot be calcu-
lated by means of NH3 adsorption. A weaker base should be used.

I-4 Adsorption of ammonia on silica gel. Samples of the si-
lica xerogel (10) initially treated for 15 hours under 10~4 torr
at 150, 400 and 600°C are called Si 150, Si 400 and Si 600. The
nunber of OH groups per 100 82 of surface are regpectively 5.7,
4.2 and 1.4.

Influence of the pressure. Figure 1 shows that the greater
the NH3 concentration, the smaller the chemical shift J.of Fhe
signal detected after NHg adsorption on samples Si 409 and Si 600.
With si 150, & varies little with the NHq concentration. Morea-
ver, for the same surface coverage 8, § varies markedly from one
sample to another. For example the values of d obtained at®= 0.5
are 3.80, 3.00 and 2.00 ppm for Si 150, Si 400 and Si 600 respec-
tively. That is 8 decreases as the pretreatment temperature of
the sample is increased ; or, in other words, as the degree of hy-
dration of silica gel is reduced. As in the previous case (zeoli-
the HY) these results show that & must depend on the SiO-H dis-
sociation. Equations 4 (X=Si), 5 and 6 express the possible reac-
tions between NH5 and the surface of the solid. 8i 150 has a high
superficial OH density ; O does not depend very much on the a-
mount of adsorbed ammonia, as long as 8¢ 0.8. On the contrary

® varies with the coverage of Si 400 or Si 600. But for low 6,
ﬁérticularly following the desorption at 30°C under 10~4 torr, the
chemical shifts tend to a limiting value of Q_( $1limit) equal to
about 3.9 ppm, whatever the OH concentration. In this case, the
nunber of physically adsorbed molecules must be very small. Moreo-
ver, it is obvious that the ratio (NH3)p /(NH;)yy cannot be inde-
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Si150
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2.5¢

o 0.1 0.2 0.3

t d

Figure 1. Dependency of the chemical shift § with adsorbed
ammonia concentration
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pendent of the surface hydration. Thus, d (limit) must be charac-
teristic of equilibrium 4 and depends on OH bond. Naturally, its
value is between &(NHg*)= 6.9 ppm and d(NHy)1 which lies between
0 and 1 ppm because of the 8iOH .. .NH: hydrogen bonds. When 8
increases, the (NH3}II concentration increases as well, and con-
sequently 8 decreases due to €q5;ieq.6 modifies & only slightly.

At high coverage, O increases slightly again with the pressure,
probabiy due to a small increase of S(NH3)II due to some H~bonding
between the molecules.

Influence of the temperature., At 60 MHz, the experimental
temperature T being 30°C, the line is symmetrical and approximate-
ly lorentzian. When T decreases, this line becomes wider and asym-
metrical ; it shows a large shoulder downfield while its maximum
shifts slightly up field. The lower the temperature the more the-
se changes are important.

) MHz  Sample T°C d ppm AH Hz g
30 2 300 0.000
. 21 3,95 415 0.010
§1 150 -18 3.9 530 0.050
-30 3.85 660 0.061
60
30 3.15 265 0.000
. -1 3.15 320 0.026
S1 400 ~18 3.10 410 0.035
-34 2.9 480 0.062
30 4.05 680 0.08
. 0 3.80 820 0.00
51 150 -20 3.50 1180 "
-40 3.10 1740 "
250
30 3 600 0.074
. 0 2.90 670 0.000
§1 400 ~20 2.70 930 "
~40 2.40 1480 "

Table 1 . Spectra at various temperature, (6 = 0.53)

For example, considering Si 150 and 6=0.53 (Table 1), when T
decreases from 30 to -30°C, d decreases from 4 to 3.85 ppm, AH
increases from 300 to 660 Hz while the asymmetry coefficient d ,
initially zero, reaches 0,061 (we take the difference of the two
half-widths divided by the width as the asymmetry coefficient.)
This behavior, similar to that of Si 400, demonstrates that the
coalescence of the two lines is lifted : the apparent highest pro-
ton concentration line shifts upfield, while the other appears as
a shoulder downfield. The two components cannot be separated sin-
ce the lines become too wide at low temperature. Moreover, when
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the lines are no longer in coalescence, at least partially, the
line for superficial NH4+ cannot be detected in high-resolution ;
in that case the proton movement is not enough to narrow the line,
originally wide because of dipolar interactions. Neither is the
superficial OH line detectable since it is about 2 KHz wide.

The previous conclusions can be verified at 250 MHz. The theo-
retical reference frequency A =4 (NHg') - J(NHy) = 1750Hz being
definitely higher than AgZ{60)= 400 Hz at 60 MHz, the temperature
effect upon the lifting of coalescence must be greater. In fact,
considering the same T variation and the same Si 150 sample, o}
decreases more at 250 MHz than at 60 MHz (from 4.00 ppm at 30°C to
3.20 ppm at -30°C) ; but @ varies in the opposite way (0.08 at 30°C
and 0.0 at 0°C) revealing that coalescence is lifted. Consequently
the spectrum (250 MHz, 30°C) must correspond to the (60 MHz, -50°C)
one,

Coefficient o of OH dissociation and chemical shift &(OH)

At 30°C, following ammonia desorption at 10-4 torr, the chemical
shift tends to a very similar & (1H)limit for each sample = 4.2,
3,9 and 3.7 ppm for Si 150, Si 400 and Si 600 respectively. This
value, which characterizes equilibrium 4 , decreases a littlewith
decreasing OH concentration of the surface, showing that the OH
dissociation and the average acidity of one OH increase with the
OH density. The chemical shift 8(OH) and the constant K of this
equilibrium are unknown. To calculate them, the detection of a
spin other than 1H is necessary. Because of the quadrupole moment
of 14N, we have chosen the 15N nucleus. With the sample Si 400,
6(1 N) increases from 17.8 to 22.0 ppm when the adsorbed NH3 de-
creases from 50 to 5 mg.g~' {correspondig to 3 hours desorption
under 10~4 torr). Therefore

6(15N) =P . 6(15NH3)+P

15
limit = “NH, NH o(""NH+) 8

wherePNH3 and PNH4+ are the concentrations of the spins NH3 and
NHgq*t

PNH3 * PNH4+ = 1
Ammonia being the reference : 6(15NH3) =0 ;
NH
5(1oN)1imit 22.0 _ "3
then PNH4+ = -—;: = 7338 0.5 and ~_ﬁ;+
5('°NH,Y)

Whence the coefficient of OH dissociation is w®=0.5 . For compa-
rison, the pH of an equimolar NH, and NH4+ buffer solution is
about 4.7 . With Si 400, 5('H)15mit = 3.9 ppm. Using eq 2 and the
coefficient x, the proton shift of tne OH group can be calculated:
5(0H) = 2 ppm

It snould be noted that this value is independent of the adsorbed
phase. For comparison, 5 (0B) of ethanol diluted in CCLg4 is

0.5 ppm.
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II- Chemisorption of hydrogen on silica-supported platinum.

Tae second epplication of NMR concerns hydrogen adsorbed by
supported platinum ; this has been studied by numerous investi-
gators with the aim of establishing the nature of the active form
in the catalysis of hydrogenation. All the experimental results
and theoretical considerations suggest that hydrogen exists on
platinum in two forms : a strongly irreversibly adsorbed and a
weakly reversibly adsorbed species (11-13). But, the irreversibly
adsorbed hydrogen could never be detected by spectroscopy and its
nature is unknown. Following the first NMR results obtained by
TARO Tto et al (1&) concerning the adsorption of hydrogen on pla-
tinum metal under high pressure, we have undertaken the study of
Ho irreversibly chemisorbed on Pt/SiO?. The silica-supported pla-
tinum was prepared by impregnation of Davison silica with a suffi-
cient amount of chloroplatinic acid solution to give 10 wt % pla-
tinum afteg reduction (15). The particle diameter of platinum is
about 200 A. Before hydrogen adsorption, the samples were heated
at 350°C under 10™4 torr for 12 hours.

II-1 Results. Before any hydroger. adsorption, the spectrum
of the sample recorded at room temperature consists of a symmetri-
cal line of Lorentzian shape of width AHpi,p = 0.57 gauss. Within
the limits of experimental error, this line has nc chemical shift
relative to the usualreferences. It is due to the protorn resonan-
ce of the OH groups situated on the silica surface, and it will be
used in what follows as the standard. For monolayer coverage
(2.10 19 adsorbed molecules.g"1 under 5.1072 torr), the spectrum
recorded at room temperature can be broken down into 3 lines (fi-
giare 2). One {line 3), similar to that formed before hydrogen ad-
sorption, is due to Oll groups. The second (line 1) and the third
(line 2) are shifted upfield, slightly (-1 ppm) and very imuch
(-46 ppm) respectively.

After pumping at 10" torr and room temperature for 12 hours,
lines 1 and 2 are slightly weaker and the shift of line 2 1is
549 = -49 ppm (figure 3C). This spectrum (spectrum 1) corr=sponds
to irreversibly chemisorbed hydrogen at 25°C. After heating the
sample under vacuum, the strength of line 1 and 2 decreases and
the shift of the latter increases. At the limit of signal detec-
tion, corresponding to a desorption temperature of 100°C, the shift
of line 2 is dy = -57 ppm (spectrum O).

Whan the hydrogen pressure is increased (fig 3), line 3 is
unchanged. The intensity of line 1 increases with the preiaure un-
til it reaches about 1.5 torr {corresponding to 1.06 . 10 adsor-
bed molecules .g~1), after which it remains constant. Line 2 in-
creases continuously with the hydrogen pressure and is shifted
downfield ; its d varies approximately hcmographically with the
number of adsorbed molecules. After hydrogen adsorption at a few
torrs and 25°C, the NMR spectrum was determined at 77 K. It can be
represented approximately by spectrum 1 on which a relatively nar-
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Figure 2. Spectrum of the hydrogen adsorbed on Pt/SiO, (§ ~ 1) 1. Line due
to the species H,). 2. Line due to the species H,,. 3. Line due to the OH groups
of the support. 4. Recorded spectrum.

Figure 3. Change of the spectrum with the hydrogen pressure. A, Without

hydrogen. B. Hydrogen desorbed at 48°C under vacuum for 2 hr, after G.

C. Hydrogen desorbed at 25°C under vacuum for 12 hr. D. Hydrogen de-

sorbed at 25°C under vacuum for 1 hr. E. H, adsorbed at 0.32 Torr. F. H,
adsorbed at 2 torr. G. H, adsorbed at 49 Torr.

In Magnetic Resonance in Colloid and Interface Science; Resing, H., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1976.



22. BONARDET ET AL. Gas-Solid Interactions 257

row non-shifted signal has been superimposed.However, line 2 is
less shifted than in spectrum 1.

Whan the platinum surface is initially covered with strongly
chemisorbed CO, neither line 1 nor 2 appears in the spectrum what-
ever the hydrogen pressure., However, the hydrogen is reversibly
adsorbed and is indicated by a narrow signal which is shifted a-
bcut 7 ppm downfield,

II-2 Discussion. First of all it must be emphasized that,
thanks to NMR, for the first time it has been possible to detect
spectroscopically hydrogen not only revercibly adsorbed but also
irreversibly adsorbed on supported platinum, and to follow the
change in the latter when the surface coverage decreases to very
low values.

We consider firstly irreversible adsorption. The existenceof
2 signals proves that it occurs in two different forms. Let usnow
examine the different factors which are likely to lead to a chemi-
cal shift of the chemisorbed atoms
- We have determined the bulk magnetic susceptibility X, of the
Pt/%lOg sample following as previously (5). The effact upon S of
the change of X, relative to pure silica is a few Hz downfield. It
is therefore negligible. Moreover it must be the same for all the
components of the gspectrum.
~ The diamagnetic or orbital effects of the conduction electrons
produce shifts to higher field. However they are of the same order
as the ordinary chemical shift and must be negligible here.
~ The Xnight shift in metals arises from tke interactions of the
conduction electrors near the Fermi surface of the metal with the
metal nuclei, In an externally applied magnetic field H, these un-
paired electrons have a net spin polarization which contributes to
a local magnetic field AH at the nucleus. AH is proportional to
this polarization and to the density{ |y y (0)|2>a, of the con-
conduction electrons at the nucleus M ; therefore only s conduc-
tion electrons make a direct contribution. These latter can have a
finite density at the H adatoms on platinum which would give rise
to a positive shift 5K opposite to the observed one. It seems li-
kely that the shift of 7 ppm of the line associated with Ho on a
surface covered with CO corresponds to the order of magnitude of
Bk »
~ A direct overlap between the conduction electrons and electrons
localized in s orbitals centred on the protons would pair the
spins of the last ones antiparallel to that of the conduction elec-
trons, resulting in an upfield proton shift &, . The conduction
electrons can also take part in an exchange interactions with the
bonding electrons in d orbitals centred on platinum, polarizing
these latter parallel to their own directions. The d electrons
transmit the spin polarization with a change of sign to the pro-
ton via the exchange interactions in the covalent part of thePt-H
bond. Then the proton shift is opposite to the Knight shift.

Therefore the sign and magnitude of & depend on the relative
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contribution of the Xnight shift and the mechanisms responsible
for negative shift. It could therefore be said that for the spe-
cies corresponding to line 1, the Knight shift neutralizes almost
completely the effects of polarization of the bonding electrons,
whereas for the species revealed by line 2 the negative spin der-
sity is overwhelmingly dominant. Probably because of the insensi-
tivity of their spectrometer and the low surface area of the pla-
tinum metal particules, Taro Ito et al studied the adsorption of
hydrogen on Pt metal at relatively high pressure (lﬂ). They were
therefore unable to distinguish reversible and irreversible ad-
sorption. However, since the overall shape of the spectra is main-
tained when the hydrogen pressure increases,the interpretation of
their results is roughly the same as that which we propose for the
irreversible phase.

We know that the structure of the bands of a transition me-
tal is characterized by broad s-p bands with low density of states
whereas the d-bands are narrow with particularly high density of
states. Moreover in platinum, the 5 d-band is cloce to the Fermi
level. On the other hand the shift of line 1 is small and is not
changed by increase in the Ho concentration ; this line then must
correspond to the hydrogen atoms H¢4) located above the metal eur-
face and bonded with the superficial’Ptg atoms through s elec-
trons. On the contrary, O of line 2 is very large and decreasesto
a limit value &4 when the concentration of irreversible hydrogen
increases. Line 2 therefore represents the hydrogen atoms H 2%
preferentially adsorbed by means of the d electrons cf the me al,
in the interstices between the Pty atoms of the surface, the 1g
electron of the H(Q) atom being delocalised taroughout the neigh-
bouring Pt atoms. For example, on the (100) face the H(1) species
will be bonded above the surface to each Pty atom, the species
H 2) to one Pt atom below the surface and to four Pt atoms. As the
intérstices of the different planes are being filled, the density
of the negative spin at each H(,) atom decreases until the sites
are completely occupied. These results show not only the possibi-
lity of a localised metal adsorbate bond, as Bond has proposed
(1§), but also the collective electronic properties of the metal.

This interpretation confirms in more detail the results of
Taro ITO and Toru KADOWAKI concerning the participation of s and
d electrons in the chemisorption of hydrogen on metals. For exam-
ple these authors show that only the 4s conduction electrons are
involved in the chemisorption of hydrogen on copper (17). Moreover
they detect in this case a single line with a positive chemical
shift (downfield) independant of the adsorbate concentration.

At high pressures, the reversible form is characterized by
line 2, which shifts markedly downfield as the hydrogen concentra-
tion increases. The evolution of this line is typical of a chemi-
calexchange (at a frequency higher than 3.103 Hz) between the
"irreversible" interstitial species Hf,) resosnating at high field
(shirft 61) and another species H(3), much less shifted. This 1is
confirmed by the separation of line?2 into 2 components (of which
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one is very slightly shifted) when the spectrum is recorded at
77 X. However we have not enough evidence to state that the H(%)
form is that which is adsorbed at room temperature on aCO-covered
surface and situated at 7 ppm.

Conclusion

The Bronsted acid strength of an oxide surface of high spe-
cific area, and the nature of the hydrogen adsorbed on metals are
amongst the most important of classical problems in heterogeneous
catalysis. It seems to us that it has not been possible to solve
them without the help of NMR. Thus, the Bronsted acidity of oxi-
des has been characterized, as in homogeneous phase, either by
calculation of the dissociation constant of the O-H bond in the
presence of other molecules, or by determining the chemical shift
of the acidic hydrogen, i.e. by "evalueting" its electronic envi-
ronment, the 8(0OH) value being, of course, independent of the tre-
viously adsorbed base.

NMR can also be applied successfully to problems of gas-metal
interactions. Thus, we have been able to show spectrcscopically
the existence of irreversibly adsorbed hydrogen on supported pla-
tinum and to describe it accurately : hydrogen atoms located on
the surface and interstices. The hydrogen adsorbed subsequently is
adsorbed reversibly and exchanges at frequencies above 3.103 Hz
only with the interstitial H atoms.

ABSTRACT

It is shown for two majcr chemical problems concerning hete-
rogeneous catalysis that HR-NMR spectroscopy is now suitable for
the study of gas-solid interactions. Thus, it is possible to cha-
racterize Bronsted acidity of oxides just as in homogeneous phases
by calculating the dissociation coefficient of the OH bonds in the
presence of other molecules or by determining the chemical shift
of the acidic hydrogen. For example, the dissociation coefficient
of the OH groups in a silica gel is 0.5 in the presence of NH3 and
the proton chemical shift 3(0H) is 2 ppm relative to gaseous TMS.

Interactions between hydrogen and supported platinum have
also been investigated by NMR. The spectrum of the irreversibly
adsorbed hydrogen is compcsed of two lines which are slightly and
greatly shifted upfield, respectively ; they characterize superfi-
cial and interstitial hydrogen. Only the latter form exchanges
with reversibly adsorbed hydrogen ; the frequency of this exchange
is greater than 3.103 Hz at rocm temperature.
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Heterogeneous acid catalysts have an important industrial
role and in recent years a great deal of research has 