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Abstract

The "Li nuclear resonance correlation spectra of a proposed Li-phenalenyl free radical complex in the interior of the
supercages in Li-exchanged Y-type faujasite zeolite at 15 K are presented. The spin Hamiltonian parameters,
A /h=15234+0.02, A),/h =6+3, A./h = 167 £ 9 (signs from model), |¢’Qq|/h = 1.24 £ 0.04 in units of MHz and
|7] = 0.0 £0.2, are shown to be consistent with an sp” hybrid orbital on the Li ion, strongly associated with an alu-
minosilicate bridging O, to which the easily polarizable non-bonding, unpaired, aj electron of phenalenyl is partially
transferred. The isotropic hyperfine interaction, a/h = 59 + 2 MHz, implies that 16.3 & 0.6% of the spin is transferred
to the Li 2s orbital. The anistropic hyperfine interaction, together with the quadrupole interaction, implies that there is
a substantial additional spin transferred to the 2p orbital of Li in the O-Li bond direction. © 2000 Elsevier Science

B.V. All rights reserved.

1. Introduction

Zeolite substances are well known for their
ability to sequester organic molecules for a number
of applications, including chromatography, ad-
sorption and catalysis. A great deal has been
learned about the strengths of the molecule—cage
interactions, thereby leading to microscopic mod-
els of the interactions [1]. A number of spectro-
scopic investigations have given a much more
specific picture of the molecule—cage interaction
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[2-4]. Kasai and Bishop’s pioneering work opened
up the study of spin—probe interactions with the
surfaces of porous solids with electron paramag-
netic resonance (EPR) [5]. In recent years, pulsed
EPR has been shown to be an important tool
for studying molecular dynamics [6], including
the dynamics of absorbed paramagnetic molecules
[7-9]. Several groups have employed pulsed EPR
studies of nitroxide spin probes extensively in or-
der to understand the interactions of solvent
molecules, probe molecules and the surfaces in
porous solids [10,11].

We have recently turned our attention to the
physical and chemical dynamics of organic mole-
cules adsorbed into X- and Y-type faujasite zeo-
lites [12-15]. Studies of phenalenyl-alkali metal
cation solutions with nuclear magnetic resonance
(NMR) and EPR have shown the existence of Li"

0301-0104/00/$ - see front matter © 2000 Elsevier Science B.V. All rights reserved.

PII: S0301-0104(00)00094-X



38 D.C. Doetschman et al. | Chemical Physics 256 (2000) 3743

and Na* complexes with the neutral m-aromatic
radical and have measured appreciable cation-
phenalenyl association constants. > Although these
solution studies support the hypothesis that phe-
nalenyl-cation complexes exist, there is only indi-
rect kinetic evidence that such a complex exists in
the faujasite zeolite cage [12]. Direct spectroscopic
evidence for the existence of this type of complex
in the zeolite cage is desirable. Additionally, we
have found the EPR spectrum of a tightly bound
O, molecule that cannot be removed at elevated
temperatures under vacuum [14,16].

In this paper, we present evidence for the Li
complex obtained from EPR studies of phenalenyl
doped faujasite zeolite cages with the hyperfine
sublevel correlation (HYSCORE) technique. HY-
SCORE is a multiple pulse EPR electron spin echo
envelope modulation (ESEEM) coherence tech-
nique that has an increasing list of applications
especially to nuclei with 7 =1/2. This is largely
due to the existence of a straightforward analytical
treatment [17] of the two-dimensional (2D) corre-
lation features that appear in the 2D Fourier
transform of the HYSCORE experiment with
nuclei of spin / = 1/2. Another advantage of the
HYSCORE experiment is its ability to reveal
correlation lines spanning substantial frequency
ranges in the 2D transform, whose accumulation
would be washed out in the one-dimensional an-
alog. ESEEM techniques, of which HYSCORE is
a particular type, have achieved widespread use in
the study of paramagnetic cations in zeolitic sub-
stances, often in the presence of organic dopants
[18]. Towards this end, we present our analysis of
the HYSCORE correlation features for 'Li in
phenalenyl-doped LiY. The ’Li results will be
discussed in terms of the degree to which the
covalency of the phenalenyl-cation complexes re-
sults in the transfer of unpaired electron spin
density to the cation. The anisotropy of the phe-
nalenyl-cation nucleus hyperfine interaction will
also be discussed in terms of transferred electron

2 D.W. Dwyer, M.F. Ciraolo, D.C. Gilbert, D.C. Doetsch-
man, unpublished work on a magnetic resonance study of
complex formation between the phenalenyl radical and alkali
metal ions in dilute alcohol solutions.

spin among the cation 2s and 2p atomic orbitals
from the phenalenyl n system.

2. Experimental details

The preparation of the phenalenyl-doped, Li
cation-exchanged Y-type zeolite has been de-
scribed elsewhere [12,14]. Samples of the alkali
metal cation-exchanged [14] Y-faujasite zeolite
were loaded with phenalene, the phenalenyl pre-
cursor, via hexane solvent [12]. Some of the sam-
ples from the previous study [14] were used in this
work. Additional and replacement samples were
similarly prepared from zeolites whose cation ex-
change and characterization were described in a
study of nitroxide spin probe dynamics [15].
Undoped samples were also examined.

Four-pulse HYSCORE experiments were
performed on a Bruker ESP 580 system with a
split-ring Bruker ER4AA9 (optical) resonator
operating in overcoupled, low Q mode. The system
was equipped with an Oxford CF935 cryostat,
operating with an Oxford Instruments ITC 502
controller referenced to boiling N,(I). In all ex-
periments, the laboratory magnetic field was tuned
to the center of the phenalenyl hyperfine pattern.
The four-pulse HYSCORE experiments were done
at 8 or 15 K with a non-ideal 16-16-24-16 ns pulse
sequence with the equal microwave pulse ampli-
tudes adjusted independently for a maximum
Hahn echo with a 16-24 ns pulse sequence. We
have found the 16-16-24-16 ns pulse sequence
advantageous in observing intramanifold correla-
tions in certain cases [19]. The first pulse interval
was t = 130-138 ns for phenalenyl proton reso-
nance suppression and the second and third pulse
intervals T} and 7, were incremented from 40 ns at
24 ns intervals to achieve a 128 x 128 array of echo
intensity measurements. A number of three- and
four-pulse experiments were performed with
7 = 98-104 ns to enhance the proton resonances in
order to show that the observed resonances as-
signed to cations were not in fact proton reso-
nances. Pairs of HYSCORE experiments with
proton enhancement and suppression were per-
formed on NaX and NaY samples to ascertain
whether residual Na left in Li-exchanged zeolites
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could be responsible for the resonances assigned to
Li. Examinations of LiX, LiY, NaX, and NaY
zeolites with selective nuclear suppression in sim-
ilarly performed three-pulse ESEEM experiments
were performed at 40 K.

The echo decay modulations were pre-pro-
cessed for later spectrum analysis as follows and
Fourier transformed. The four-pulse HYSCORE
echo decays were processed by subtraction of best-
fit quadratic or cubic equations, zero filled in both
the 77 and 7, dimensions to 256 x 256 arrays,
apodized with a Hamming window function in
both dimensions to smooth the transition into the
zero-filled region and fast Fourier transformed in
two dimensions. These manipulations were per-
formed with Bruker XEPR pulsed EPR software,
and the correlation features were measured from
contour plots with a cursor and recorded. Thus,
the basic data for further analysis was in the form
of (vi,v,) points, and their respective relative ab-
solute value spectral intensities, where v; is the
Fourier transform of the 7 dimension and v, is
the transform coordinate of the 7, dimension. The
vy and v, correspond to correlations between nu-
clear resonance intervals in the o (or B) electron
spin manifold with those in the B (or o) manifold.
The assignment of v; to v, or v for a particular
feature in the spectrum is ambiguous without
further analysis and likewise for assignment of v;.
The three-pulse ESEEM experiments were pre-
processed in a similar manner with linear phase
correction.

3. Experimental results

The 15-K HYSCORE spectrum of phenalenyl-
doped LiY zeolite is shown in Fig. 1. Of particular
interest are the off diagonal features between
~(—8.5,3.0) and (—12.5,8.3) MHz, and their
reflection features across the (—,+) quadrant di-
agonal, ~(—4.0,8.0) to (—8.0,+12.5) MHz. Cor-
responding features were not found in the LiX,
NaX and NaY hosts. The features in LiY decrease
rapidly with increasing temperatures and disap-
pear by 25 K. The °Li correlations in LiY are not
strong enough to be observed at natural abun-
dance.

,,,,,,,,, e = - 12.0
- 8.0
- v, (MHz)
4.0
‘ ‘ : . - " 0.0
-12.5 -10 -7.5 -5.0 -2.5 0.0
vi (MHz)

Fig. 1. HYSCORE spectrum of Li-phenalenyl complex in Li-
exchanged Y zeolite. The horizontal frequency coordinate v,
corresponds to the 77 interval of the pulse sequence and the
vertical frequency coordinate v, corresponds to the 7 interval
of the pulse sequence. The intensity scale of the frequency
correlation is a logarithmic gray scale with the white indicating
the lowest, and the black indicating the highest relative inten-
sities. The assignments to particular electron spin manifolds are
shown in Fig. 2.

In the three-pulse ESEEM experiments at 40 K,
a sharp peak at the ’Li nuclear resonance fre-
quency is observed in Li-exchanged zeolite, to-
gether with sharp, overlapping peaks near the >’Al
and *Na frequencies. Enhancement of one of the
sharp peaks near the 2*Na frequency is observed in
the Na-exchanged zeolite. Broad phenalenyl 'H
features and a 'H matrix resonance are present in
all spectra. Again, the °Li resonance is evidently
not strong enough to be observed at natural
abundance.

4. Analysis

The LiY HYSCORE features were assigned to
"Li resonances. The analysis points to correlations
between corresponding single quantum nuclear
resonances in the two-electron spin manifolds (of
Li—phenalenyl complex). The observed correla-
tions were found to originate from field orienta-
tions near the perpendicular plane of an
approximately axial Li nuclear hyperfine coupling
A. The correlations were fit by the Hamiltonian,

H = g|pe|HS — g HI + SAI + IOI. (1)
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In actual practice, the Hamiltonian was solved
in the high-field approximation, reducing the
problem to two 4 x4 nuclear spin blocks for
I =3/2 "Li nucleus, one for the upper electron
spin manifold and one for the lower manifold.
Nuclear transition frequencies were calculated
from the eigenvalues and the intensities of the
correlation features were calculated from the nu-
clear spin eigenvectors [20]. Calculations were
programmed in Mathcad Professional Version
7.03.

Preliminarily, we assumed co-axial axial sym-
metry for A and Q. Parameters of a/h = £51.3
(£0.3) MHz, T/h=446 (+£2) MHz and
le’qQ/12h] = 0.5 (£0.1) MHz were found by ad-
justing for an approximate simulation of calcu-
lated and observed HYSCORE frequency
correlation ridges. (These parameters are related
to the spin Hamiltonian parameters by
Ay =A4y,=a—T and 4.. =a+2T.) The 4 (or a
and 7) values dictate that one is far from the
cancellation condition at which ESEEM intensities
are appreciable, except for fields near the xy plane
normal to the assumed cylindrical axis z of the
hyperfine coupling. The relatively large hyperfine
coupling constants in comparison with the ’Li
nuclear Zeeman frequency are consistent with the
appearance of predominant correlation features in
the (—,+) quadrant. Data points measured from
the ridges of the HYSCORE correlation features
with the Bruker software cursor are shown in Fig. 2
in comparison with the final best fit correlations
predicted from theory. One does not observe the
usual arcing HYSCORE features sometimes
crossing the diagonal of the quadrant, ordinarily
associated with 7Li HYSCORE in systems with
small hyperfine coupling constants [21]. The three,
approximately parallel HYSCORE ridges ob-
served are assigned to correlations between each
(m; <> m; + 1) nuclear resonance frequency in the
upper electron spin manifold with the same
(m; < m; + 1) nuclear resonance in the lower
electron spin manifold (Fig. 2).

The experimental ridge points represent the
maximum intensities found along some arbitrary
coordinate, such as v, or vg. We explain here the
method by which we calculate the coordinates of a
theoretical ridge curve with which refinement of
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Fig. 2. The correlation ridge points measured from the contour
presentation of the HYSCORE spectrum of the Li-phenalenyl
complex in Li-exchanged Y zeolite shown in Fig. 1. The par-
ticular assignments of the correlation features to the observed
single quantum-single quantum nuclear transitions are shown,
together with an assignment of the observed frequencies to
particular electron spin manifolds in the axis labels. Also shown
are the correlation ridge lines predicted from the best fit of the
Hamiltonian to the experimental ridge points.

the spin Hamiltonian parameters was performed.
For a given set of parameters and a particular field
direction and strength, Hamiltonian (1) was solved
in the high-field approximation for the nuclear
spin eigenvalues and eigenfunctions for mg = +1/2
states. The eigenvalues were energy ordered and
the desired, assigned nuclear transition frequencies
were determined. The nuclear spin eigenvectors
were used to calculate the relative intensities of the
assigned correlations at the particular field and
direction [20]. As these intensities are effectively on
a per unit solid angle basis, they can be viewed as
values of 1/sin0d*1/000¢ in polar coordinates.
On the other hand, the observed intensities are
effectively on a per unit squared frequency basis,
the units of v, X vg. In order to calculate relative
intensities in the two-dimensional frequency plane,
appropriate angular increments in polar coordi-
nates were made and the corresponding increments
in v, and vy were determined by successive solu-
tions of the Hamiltonian. Thus, a numerical eval-
uation of sin@900¢/0v,0vg was determined with
which the calculated value of 1/sin0d*//000¢
could be converted to the desired value of
01 /0v, Ovy.

In this way, a series of relative intensities was
calculated for every value of the field projection
angle, 0 < 6 < =, in suitable, equal increments and
for every value of the field projection angle,
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0 < ¢ < 7, in suitable increments proportional to
sin 0. The intensity values at a given 0 for the
various ¢ values were searched for the maximum
intensity. From these maxima, the theoretical ridge
intensities, /(0), and the ridge angular coordinates
thus defined, ¢(0), the theoretical ridge correlation
frequencies vy(0), vp(0) were generated for com-
parison with experiment, all expressed as functions
of the single variable 6. The spin Hamiltonian
parameters were varied systematically, beginning
with the approximate values above, until a mini-
mum was obtained in the sums of the squares of
the distances (in Hz?) from the data points to the
theoretical line of vy versus —v,. The results of the
least squares fit, assuming that the principal axes
of the quadrupole and hyperfine interactions are
parallel, are given in Table 1. The table gives the
final values and uncertainties in the spin Hamil-
tonian parameters. Although the initial assump-
tion of axial symmetries was relaxed, it is seen that
axial symmetry does indeed prevail within experi-
mental error. With this result, it does not appear
likely that there is substantial deviation between
the quadrupole and hyperfine axis systems. An
independent check on a possible value of 4,, > A,
showed that the result in Table 1 with 4,, ~ 4,, is
the true minumum of the fit. The surprising,
weaker dependence of the results on 4,, than A,,,
as indicated by their respective standard devia-
tions, o, is a consequence of the handedness of the
intensity behavior.

Table 1

Best values of the spin Hamiltonian (1) parameters for the
"Li-phenalenyl complex in Li-exchanged Y zeolite obtained by
a least squares fit of the calculated frequency correlation ridges
to the experimental values for the correlations between each
(m; < m; + 1) nuclear resonance frequency in the o electron
spin manifold with the negative of the (m; < m; + 1) nuclear
resonance frequency in the B electron spin manifold (Fig. 2)*

Parameter Value g

Aw/h +5.23 MHz 0.02 MHz
Ay /h +6 MHz 3 MHz
Az/h +167 MHZ 9 MHz
|€20q]/h 1.24 MHz 0.04

|n] 0.0 0.2

#The asymmetry parameter, i = (Qy — O,y)/Q-.. The standard
deviations, g, of each value are also given.
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Fig. 3. The absolute value intensities along the corresponding
correlation ridge lines of Fig. 2 predicted from the best fit of the
Hamiltonian to the experimental ridge points against the same
vg scale.

Plots of the best fit theoretical intensities of the
three-correlation ridges are shown in Fig. 3 as
functions of —v, for comparison with the corre-
lation ridges in Fig. 2. There actually exist nuclear
resonances Vv, and v with frequencies whose
magnitudes are much higher than those shown in
Fig. 2 that result from field directions approaching
the z axis, where 4., = £167 MHz. However, the
intensities of the resonances decrease rapidly out-
side the small region of the experimentally ob-
served correlation ridges deriving from fields near
the xy plane, as can be seen in Fig. 3.

A comment is perhaps in order concerning the
efficiency and the advantages of the present ap-
proach to the analysis of ESEEM data. Firstly, the
magnitude of the computational effort made here
is no less than would be required to calculate the
whole 2D-ESEEM spectrum; 1(6, ¢), v,(6, ¢), and
vg(0, ¢) have, in fact, all been calculated. In gen-
eral, however, there is a frequent occurrence of
overlapping correlations between different transi-
tions of a given nucleus in ESEEM spectra.
Moreover, the correlations of different nuclei or
the same nuclei in different environments may
overlap. Finally, the data preparation and Fourier
transformation processes may not yield perfectly
flat baseplanes for the experimental /(v,, vg) plot.
For these reasons, we have found it advantageous
to focus on the comparison of experimental and
theoretical ridge coordinates of isolated correla-
tions or isolated sets of correlations, thus reducing
the dimensionality of the data analysis. The vi-
cinities of the ridges are, after all, where most of
the information in the spectrum lies.
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5. Discussion

The results suggest that a Li-phenalenyl com-
plex is formed in which substantial spin density is
transferred from the non-bonding m orbital of
phenalenyl into an sp hybrid orbital of the Li. One
would expect the charge compensating Li ion to be
situated on an oxygen atom that bridges to an
aluminum ion of the aluminosilicate structure
of the zeolite (Fig. 4). The structure of a site of
this type has been determined by HYSCORE for a
v-radiation defect center in a lithium silicate [21].
A structure that is consistent with the present re-
sults is shown in Fig. 4. The isotropic hyperfine
coupling constant determined from Table 1 is
a/h = £59 +2 MHz. This value with the positive
sign choice, together with the theoretical value for
unit spin in a Li 2s orbital [22], indicates that
about 16.3 £ 0.6% of the electron spin resides in
the Li 2s orbital. Then, the anisotropic part of the
hyperfine interaction is nearly axial in symmetry
with 7j/h =108 +4 MHz and 7,/n= —54+2
MHz. The magnitude and signs of 7}, and 7', are
consistent with spin density in a 2p orbital of the
Li. The quadrupole parameters show that the di-
rection of the major electric field gradient is par-
allel to this p orbital direction.

One would expect the major quadrupole axis of
Li to point toward the oxygen atom with which it
is tightly associated. Thus, its magnitude might be
expected to be large, as observed, if the Li-O in-
teraction is substantially covalent. The quadrupole
interaction, |e’qQ|/h, reported by Astrakas et al.
for the 7Li, in an evidently more ionic center in the
lithium silicate glass, was < 0.2 MHz [21]. The

Fig. 4. Schematic diagram of the proposed structure of the
Li—phenalenyl complex at a bridging oxygen of the aluminosi-
licate structure on the interior of a Li-exchanged zeolite
supercage. The sp” hybrid of Li observed to contain electron
spin transferred from the phenalenyl free radical is shown.

coaxial 4 and quadrupole interactions are satisfied
in a picture in which the Li sp hybridization op-
poses the Li—O bond, which in turn might be ex-
pected to have complementarily more Li 2s
character and less 2p character.

The determination of the amount of Li 2p
character in the hybrid from the experimentally
determined anisotropic hyperfine interaction is
problematic. We are aware of no theoretical cal-
culations and few experimental determinations
that yield a value for the anisotropic hyperfine
interaction per unit spin in a Li 2p orbital. An
anisotropic hyperfine interaction has been mea-
sured by Kasai for an end-on HCN-Li complex
[23]. Kasai has also performed a MINDO calcu-
lation on the complex that predicts the Li 2p spin
density [23]. An sp hybridization that agrees with
both the signs and magnitude of the measured
anisotropic coupling gives 7j/h = 2T, /n = 234
MHz per unit spin in a Li 2p orbital. One should
take this value with caution, however, as the size of
the Li 2p spin density from the MINDO calcula-
tion was a small 0.04. On this basis, our observed
anisotropic hyperfine interaction would corre-
spond to a Li 2p spin density of nearly 0.5. Thus, it
is safe to say that the sp hybrid has a significant
p character [24]. *

We are fortunate indeed to have observed this
spectrum, in which two hyperfine interaction ele-
ments, 4,, and A4,,, approach so closely the cation
nuclear resonance frequency, thereby giving sig-
nificant HYSCORE intensity in the window of
observation. We observed no resonance from the
phenalenyl-Na complex in NaX or NaY. We will
be indeed lucky if we find the HYSCORE of the K,
Rb, or Cs complexes in the planned future exper-
iments.

The phenalenyl is actually well poised to donate
its unpaired electron to an electron acceptor. A
simple symmetry molecular orbital analysis shows
that the unpaired electron resides in an af orbital,

3 Ref. [24] describes m complexes of Li atoms with acetylene

and ethylene which exhibit substantial Li 2p unpaired spin
density. The anisotropic coupling constant in the present work
is surprisingly large by comparison. This is presumably due to
Li 2p orbital collapse in the ionic Li adjacent to the electron
withdrawing O atom.
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Scheme 1.

as shown in Scheme 1. The unpaired electron
actually has little resonance stabilization in this
orbital due to the nodes that pass between the al-
ternate carbons. The electron can be moved to a
more localized region of the molecule near the Li
ion with relatively little energy loss. To the extent
that the covalent interaction between the Li sp
hybrid and the phenalenyl & system dictates, un-
paired electron density may be partially trans-
ferred to the Li ion, as observed.

The observed temperature dependence, in
which the 7Li HYSCORE spectrum of the
Li—phenalenyl complex is lost above 15 K and
appears as a relatively sharp "Li resonance in the
40 K ESEEM spectrum, agrees qualitatively with
our model for the motion and binding of phe-
nalenyl to the interior cations of the zeolite
supercage [12]. The phenalenyl is proposed to bind
via a weak, singly occupied, bonding orbital be-
tween the phenalenyl m system and a cation
orbital. It is proposed [12] that phenalenyl begins
to reorient about the Li at very low temperatures.
This is observed to increase electron spin dephas-
ing [12], which is presumably responsible for the
loss of the HYSCORE spectrum. The process
evidently also averages out the 'Li hyperfine in-
teractions.
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