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ABSTRACT: A first complete xSR study of the T dependences of the (reduced) muon,
A,(T), and proton, A,(T), f-hyperfine coupling constants (hfcc) of the muoniated t-butyl
radical is reported in the faujasitic zeolites NaY and USY, and the results are compared with
similar data and with early EPR results in condensed bulk phases. The results are also
compared with single-molecule UMP2 and DFT/B3LYP calculations in the bulk and in an
NaY zeolite fragment of Si and O atoms with both OH- and H-capping. Muon hfcc are
reported for the first time for the Mu-isobutyl radical in the bulk phase and are also
compared with theory and with EPR data. The present results for the muon and proton hfcc
of Mu-t-butyl in the bulk complement earlier work published elsewhere at higher
temperatures but are extended here down to S K to facilitate comparisons with in vacuo
theory at 0 K. Good fits to the data for both A;(T) and AT,(T) for Mu-t-butyl are found
from the calculated hfcc in both the bulk and in NaY, assuming a Boltzmann-weighted
energy dependence given by a simple twofold torsional potential, providing an estimate of
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the barrier to internal rotation. In contrast to the bulk data, there is no clear discontinuity seen in A, (T) for Mu-t-butyl in NaY or
USY at the melting point of isobutene, demonstrating the dominance of single-molecule guest—host interactions in the faujasite
supercage. In contrast to the A, (T) dependence in the bulk, there is no discontinuity seen for either of the proton hfcc, A, ¢y, (T)

or AP,CHZMU( T), at the melting point, which also exhibit similar behavior in NaY, suggesting that its observation in the bulk for

only the muon hfcc arises from a specific effect of the intermolecular interactions on the vibrational averaging of the muon hfcc.
The measured muon hfcc for Mu-t-butyl in NaY fall below those in the bulk at low temperatures, indicating some transfer of
electron spin density to the Na cation, which is confirmed by specific additional level-crossing resonances not observed in USY.
The Na nuclear hfcc, Ay,(T), follow a similar trend with temperature as A,’t(T), with an estimate of the Na spin density at 0 K

that also agrees well with theory.

1. INTRODUCTION

An increasingly important isotopic spin probe of both hyperfine
couplings and molecular dynamics and interactions of free
radicals is the muonium (Mu = y*e”) atom, dating from 1978.!
The u" is produced 100% spin polarized at a nuclear accelerator
(TRIUMF in the present study), and this polarization can be
transferred to a free radical by Mu addition reactions; here,
MuCH,C(CH;), and (CH;),CMuCH, specifically, which are
the muoniated analogs of the well-known t-butyl and isobutyl
radicals,”® are formed by a Mu addition to isobutene. The muon
spin polarization in the radical can be sensitively monitored by

-4 ACS Publications  ©2013 American Chemical Society

the uSR technique,>*~'6

which has an important advantage
over other magnetic resonance techniques in that essentially only
one radical at a time is detected, eliminating any concerns about
radical—radical recombination reactions affecting the hyperfine
coupling constants (hfcc) or line widths, which is often the case
in EPR? and particularly in the geometric confines of zeolites."”

In arecent paper, the T dependences of both the muon, A, (T),

and proton, A,(T), hfcc for the muoniated s-butyl radicals in bulk

Received: July 18, 2013
Published: July 19, 2013

dx.doi.org/10.1021/jp406879t | J. Phys. Chem. C 2013, 117, 16523—16539


pubs.acs.org/JPCC

The Journal of Physical Chemistry C

condensed phases were reported'> and compared therein with in
vacuo calculations,'® giving good agreement with the exper-
imental data. There have also been recent #SR papers measuring
the hfcc and avoided-level-crossing (ALC) resonance line shapes
in the faujasitic zeolites NaY, HY, and USY for the muoniated
ethyl (MuC,H,)" and cyclohexadienyl (MuCgH)" radicals,
with the latter extending an earlier study in NaY,"” as well as work
re 0or:)t?‘ed elsewhere for the MuC¢H, radical in the zeolite ZSM-
5.5

Zeolites, particularly their groton—exchanged forms, are
important industrial catalyst523_ ® whose micropore structures
faciliate channeling effects that can lead to the selective formation
of transition states in catalytic reactivity.”*">”** Such states are
often considered to be carbocation intermediates that are formed
by proton-transfer reactions from the acidic zeolites, but there is
still relatively little understood about the mechanisms occurring
at the microscopic level in zeolite catalysis.”>*>*® Important in
this regard might be the free-radical intermediates formed by H-
atom transfer reactions,”****° but there appears to be only a
single EPR report of this, which examines the formation of C¢H,
from y-radiolysis processes in HZSM-5.>' Because muoniated
radicals are easily formed by Mu addition to guest molecules in
zeolitic hosts, their study in these environments'>'® can provide
an important template for the equivalent H-atom reactions,
which is one motivation for the present study, and in particular
here for the Mu-t-butyl radical in NaY and USY.

Previous studies of muoniated alkyl radicals in bulk
phases,”'**>** including the Mu-t-butyl radical,>* and in
faujasites'** have established that the C—Mu bond, as a result
of the light muon mass, adopts an eclipsed conformation at 0 K,
which is aligned with the p, orbital of the unpaired electron. The
torsional barrier to internal rotation can then be determined by a
measurement of the T dependence of the muon hfcc. It is also of
interest to see what the effect of the zeolite framework might be
on the internal rotation of the bulky Mu-t-butyl radical in
comparison with earlier results for Mu-ethyl, where activation
energies for torsional motion showed little or no effect upon
interaction with the zeolite.'®

The Mu-t-butyl radical also represents a good test case for ab
initio single-molecule (in vacuo) calculational methods of both
equilibrium geometry and S-proton hfcc for a more complex
alkyl radical beyond the simplest ethyl radical®**~** and beyond
early studies of methyl rotation for t-butyl in the bulk”*" as well
as here, for the first time, in the microcrystalline environments of
NaY and USY, where the corresponding calculations in the bulk
provide an important basis for comparison. Both spin
unrestricted density functional theory (DFT) with the B3LYP
density functional and UMP2 calculations, a similar method-
ology to that employed in ref 18, are also utilized here to calculate
the muon and proton hfcc of Mu-t-butyl in NaY. The zeolite
framework is represented by a six-membered cluster of Si and O
atoms, with Na located in the center, to represent the Sy
site’®*7% as in other theoretical studies in NaY,>>*"** with the
Si atoms capped with either H atoms*' or OH groups.*

2. EXPERIMENTAL BACKGROUND

2.1. Sample Preparation and Environment. Liquid
isobutene was obtained from Aldrich Chemicals. The samples
were loaded into target cells either in the bulk, as described in ref
12, or in the zeolite, as described in ref 16. Monitoring the change
in pressure of the vapor allows a determination of the number of
molecules adsorbed per supercage (SC), which ranged from 1 to
3 per SC, with an estimated loading error of 0.5. Prior to

preparing each sample, several freeze—pump—thaw cycles were
carried out to remove any dissolved O,, which is known to cause
extra line broadening in a SR experiment because of electron
spin exchange.”** Each sample cell was sealed with a crimping
tool prior to its removal from the vacuum system, with the
sample then kept in a deep-freeze environment prior to use.

Each sample was mounted in a He-flow cryostat for
temperature control and placed in a superconducting magnet
that provided magnetic fields up to about 40 kG, aligned with the
beam direction. The experiments were run on the M20 beamline
at the TRIUMF cyclotron, which provides a spin-rotated muon
beam, so that both longitudinal field (LF) and transverse field
(TF) experiments could be run on the same sample. Spin-
polarized surface muons pass through the thin metal target
entrance window and stop within the isobutene sample, forming
the muoniated radical. The temperature for the neat bulk
samples was varied between S and 200 K, below the boiling point
of the neat liquid, whereas in the zeolite samples temperatures up
to 320 K were run. Temperature readings were monitored by two
different thermocouples attached to the target cell, which
typically gave consistent readings to within a degree, and were
assumed to be the same temperature as that of sample. However,
systematic errors in the cell temperatures between different run
periods could be higher.

2.2. Basics of the uSR Technique. The uSR technique is
well known,>”"' ™" 50 only a brief description is given here.
The 100% spin polarization of the y* is shared with the electron
in the Mu atom, which is formed during the slowing processes of
the muon in matter.*>*® Muoniated radicals are formed by Mu
addition reactions, and at high reactant concentrations, most of
the initial polarization can be transferred with the muon spin to
the radical.”** In the decay process (u* — ¢'1,7,), the positron
is emitted preferentially along the muon spin direction regardless
of its environment,”'""*~'® and it is detected by a counter array
of plastic scintillators.

In a time-differential (TD) measurement in a TF, the muon
asymmetry at the time of decay is given by

A(t) = 2 A cos(wit + $)
i (1)

where A;, A, @, and ¢; are the initial asymmetry, relaxation rate,
frequency, and initial phase for the ith environment, respectively.
For a given Mu radical, typically observed in TFs of a few kG for
alkyl radicals, there are three frequencies of interest: one
corresponding to muons in diamagnetic environments (vp,) and
two radical frequencies, v, and vy, that corresgyond to the
allowed transitions of the spin Hamiltonian.""*’ These are
usually most easily seen in Fourier transform (FT—uSR) spectra
at the characteristic precession frequencies®>' "'

1 1
v,=|=A, —y,| and 1, =y + —A
12 ‘2 i 34 2 U (2)
giving the isotropic muon-electron hfcc, A,, where
Lira2 211/2
y,=—([4, + m+uvp)]"" -y +v
2 ( /,4 ( D) D) (3)

with the Larmor frequencies v, = @,/27 = y,,B for diamagnetic
muons (y, = 0.01355 MHz/G) and v, = 7B for the electron (7, =
2.8025 MHz/G) in an applied TF, B.

The muon hfcc may also be found by the ALC—uSR
technique, which additionally provides a direct determination
of the nuclear hfcc, A, (with k being H or Na here), in high

dx.doi.org/10.1021/jp406879¢t | J. Phys. Chem. C 2013, 117, 16523—16539
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LFs 1516 An ALC signal appears as a dip in the time-

integrated decay asymmetry at a specific resonant field,
corresponding to the avoided crossing of eigenstates.”'""
There are two principal ALC resonances that are of interest: a A,
resonance represents a flip-flop exchange of spin polarization
between the muon and a nuclear spin, from which the nuclear
hfcc is determined, and a A resonance that is a pure muon spin-
flip, determining the muon hfcc. As aforementioned, A, can also
be found from a TF—uSR experiment, a correspondence that
provides a valuable identification of a A; line in ALC—uSR
spectra.

Though hyperfine anisotropy and molecular reorientation of
muoniated free radicals can give rise to asymmetric ALC line
shapes, from which their molecular dynamics can be
assessed,” 1 1019204449 44 i the positions of the ALC resonances,
B,(A,) and B,(A,), that are of prime importance here. These are
well determined from the minimum of the Lorentzian fits carried
out even for broad-line spectra,'>'>'*'® giving the isotropic hfcc
of interest, A, from the minimum of the A, resonance, and A
from the minimum of the A, resonance from eqs 4 and §,
respectively“’ls’16

114 A
Br(Al) = 5 —+£ - L
A (4)
114, —4, A +A
Br(AO) = . . -t .
217~ h A (s)

with the nuclear gyromagnetic ratios y, being y, = 7,/3.183 and
YNa = ¥p/3.912 in addition to y, and 7, defined earlier. It will be
convenient to express the muon hfcc in reduced units, A, = A7,/
¥, =A,/3.183, which corrects for the change in the gyromagnetic
ratios between the muon and proton and facilitates comparisons
with theory and with EPR data.

3. EXPERIMENTAL RESULTS: A,(T) AND Ag(T)

3.1. In the Bulk Phase. Two muoniated radical isomers can
be formed from the Mu + (CH;),C=CH, reaction: the
common tertiary Mu-t-butyl radical and the primary Mu-isobutyl
radical, which is much less common and is observed here for the
first time, although only in the solid phase. Because both the
muon and proton hfcc for Mu-t-butyl have been well determined
earlier in the liiluid phase by Percival et al. > and for A,(T) by
Roduner et al,,” the present data in the bulk have mainly been
acquired in the solid phase and importantly down to 5 K to
provide a meaningful comparison with both the in vacuo
calculations at 0 K and with the data in zeolites.

Example FT—uSR spectra in a TF of 3.45 kG are shown in
Figure 1 at 75 K in the solid phase and at 142 K in the liquid
phase, which is not far above the 133 K melting point of bulk
isobutene. Although somewhat broadened because of hyperfine
anisotropy,lé'lg’49 the two strong transitions at v}, = 174 MHz
and v, = 280 MHz at 75 K are still quite sharp and directly give
the muon hfcc A, = 454 + 3 MHz (eq 2) for the Mu-t-butyl
radical. The frequency at 134 MHz in Figure 1 (top) is identified
as being the v, line of the Mu-isobutyl radical, with A, (i-Bu) =
368 + 4 MHz, which is determined from eqs 2 and 3 and the
diamagnetic frequency v, = 46.8 MHz, which is oft scale in both
plots.

In the liquid phase, the FT lines in Figure 1 show results only
for the stronger Mu-t-butyl radical. Much sharper lines are seen
than in the solid, which is partly due to the wider FT window of

5 T T T T
isobutene 75K

4 | -

Fourier Power (x1 0'5)

) | i\

100 150 200 250 300 350
Frequency (MHz)

5 T T T T T
isobutene 142 K

Fourier Power (x1 0'4)

0 I 1 !
50 100 150 200 250 300 350

Frequency (MHz)

Figure 1. FT—;SR spectra of muoniated butyl radicals formed from Mu
addition to isobutene at 75 K in the solid phase (FT time window 0.25
us) and at 142 K in the liquid phase (FT time window of 0.50 ys) in a
field of 3.45 kG. The strong signals shown in both spectra are the radical
frequencies v, and v, for the Mu-t-butyl radical. The line at 134 MHz at
75 K is the v, transition for the Mu-isobutyl radical. The diamagnetic
signal at v = 46.8 MHz is off scale in both plots.

0.5 ps used here. The frequencies v, = 132 MHz and v3, = 233
MHz give A, = 365 &+ 2 MHz at 142 K, which is in agreement
with an earlier value of 366 MHz interpolated from the data of
Roduner et al.* A separate run at the same temperature in a
different period gave A,= 360 MHz, which is consistent with that
reported by Percival et al.’> The reason for these few MHz
discrepancies is unclear, but it is likely due to differences in the
temperature or the temperature equilibration times in different
sample environments.

Figure 2 shows ALC—uSR spectra over a range of temper-
atures but mainly in the solid phase. The red lines shown are
Lorentzian fits with the background removed to better display
the ALC resonances shown.'”''®'® These spectra are
dominated by the broad A resonance for the Mu-t-butyl radical,
starting at 18.09 kG at § K, giving the muon hfcc A, = 493 + 2
MHz from eq 4. The much weaker downfield line barely seen at
this temperature at 15.3 kG is attributed to the A, resonance for
the muoniated isobutyl radical, giving A, = 417 £ 3 MHz. In
addition to these A resonances, two predominant A, resonances
are expected for the t-butyl radical because of the eclipsed
protons of the CHj groups and the staggered protons of
—CH,Mu. The A, resonance for the CH; protons is the nearby
very broad line to the A, resonance at 20.8 kG at 5 K, giving
Apcn, = 105 + 3 MHz from eq 5. A second and barely visible

resonance near 24 kG is the A, line for the staggered CH;
protons, giving A,y = 37 = 5 MHz, with the larger error

reflecting the weak signal and the position of this resonance near
the end of the scan. The A resonance for the methylene protons

dx.doi.org/10.1021/jp406879¢t | J. Phys. Chem. C 2013, 117, 16523—16539
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Figure 2. Representative ALC—uSR spectra with Lorentzian fits for the
Mu-t-butyl radical in the solid phase and at 142 K (bottom) in the liquid
phase, with the latter two scans recorded at the same temperatures as in
Figure 1. The dominant (broad) resonances seen near 18 kG in the solid
phase are the A| resonances for the muon hfcc of the Mu-t-butyl radical,
and the weaker resonances at lower fields, near 14 kG, are the A,
resonances for the Mu-isobutyl radical. The other fitted lines are A,
resonances for the methyl and methylene proton hfcc.

is too weak to be seen here. Broad A; and A, resonances are seen
over a range of temperatures in the solid phase.

In the isotropic environment of the liquid, the A, resonances
have disappeared resulting from the reorientation of the radical
on a time scale faster than the inverse of the hyperfine anisotropy
(~50 ns). Consequently, the muon hfcc can only be determined
from the TF data. The A, resonances for muoniated ¢-butyl are
accordingly much sharper, as exemplified by the resonance
positions seen at 142 K in Figure 2 (bottom) at 15.95 and 16.82
kG, giving the f-proton hfcc A, oy, = 62 +£ 1 MHz and A, cpy v, =
46 + 2 MHz, respectively; both proton hfcc are in good
agreement with the values reported in ref 3 at this temperature.
The larger amplitude lower-field resonance for the six equivalent

methyl protons is noteworthy, giving a clear 3:1 ratio as expected
and is much clearer than in the solid-phase spectra where these
amplitudes could be only qualitatively determined.

The averaged muon, A,(T), and proton, AP(T), hfcc for the t-
butyl radical from the present study, determined from similar fits
to data as seen in Figures 1 (or from fits to TD spectra, A(t), from
eq 1) and 2 are listed in Table 1 over temperatures from S to 200
K. The errors are combinations of both statistical and systematic
uncertainties, arising from reproducibility in the data obtained in
different run periods. The muon hfcc in the table are also given in
reduced units, A, (T) , as defined earlier. Listed also are some data
at hlgher temperatures for A, (T) determined for Mu-t-butyl in
solution® and over the full temperature range from the present
study in NaY.

The values for A (T) from the present study of the Mu-t-butyl
radical are shown as the cyan triangles in Figure 3, with the
proton hfcc A,(T) plotted as the red and purple triangles in
Figure 4. Also plotted in Figure 3 are data for A, (T) for Mu-t-
butyl from the earlier studies of Roduner et al.* 1n the liquid phase
(light-brown squares) and by Percival et al.® in both phases
(green squares). An important aspect of the present study is a
comparison between ab initio theory and the experimental data
for the hfcc of the Mu-t-butyl radical over a full range of
temperatures in the bulk; therefore, it was necessary to establish
the level of agreement with these earlier studies as well as to
extend the data down to much lower temperatures (5 K) to
provide a sound basis for comparison with the new data in NaY
and USY. The marked discontinuity in the muon hfcc A, (T) seen
in both data sets at the 133 K melting point of bulk 1sobutene
(vertical dashed line) is noteworthy. Classical model fits (eq 9) to
these A,(T) data from DFT/B3LYP or UMP2 calculations of
muon hfcc in the separate phases, both with EPR-III basis sets,'®
are shown by the cyan (DFT/B3LYP) line in the solid phase and
the blue (UMP2) line in the liquid (extended to the solid phase,
dashed blue line), which will be discussed below. The open
triangles at 155.5 and 131.1 MHz at 0 K are from these
calculations.

The A, (T) results for the weakly formed Mu-isobutyl radical
are plotted as the solid black triangles in Figure 3 (not listed in
Table 1). The black line is a fit to eq 9 from the UMP2/EPR-III
calculations of the muon hfcc'® with a 0 K value of 130 MHz. For
comparison, the proton hfcc for the (single) C—H bond of the
unsubstituted isobutyl radical from early EPR measurements””®
are plotted as well (solid green circles) and are fit to the B3LYP/
EPR-III calculations for the Ay(T) dependence, mainly in the
liquid phase (extended into the solid, dashed green line), with a
value of 140 MHz at 0 K.'®

The uSR and EPR data for the S-proton hfcc of the t-butyl
radical are plotted in Figure 4. The unsubstituted radical has
mainly Cyy, symmetry,® with pyramidal distortion at the radical
center at low temperatures evident as well>*® (Table 2). For a
fully planar radical, all protons would be equivalent, with the hfcc
expected to be T independent. However, early EPR studies in
different matrix or bulk environments have established this down
to only 77 K,>”**"*° as indicated in Figure 4 by the two
representative EPR data points shown (dark-green solid circles).
The earlier uSR data for the unsubstituted S-methyl protons of
Mu-t-butyl® (green squares) are also T independent down to
~100 K, which is essentially within the errors of the EPR values.

The hfcc for the eclipsed methyl protons, A, ¢y, (T), from the

current SR study in the bulk phase are the solid red triangles in
Figure 4. Near the melting point, these reproduce the trend in the

dx.doi.org/10.1021/jp406879¢t | J. Phys. Chem. C 2013, 117, 16523—16539
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Table 1. Muon and f-Proton hfcc for the ¢-Butyl Radical Formed from Isobutene in Bulk and in NaY

T (K) A0 Ap Apen Ay i’ A, (Nay)® Apcxr, (NaY)* Ap i (NaY)©
S 493(2) 155(1) 106(3) 149(2)

15 493(2) 155(1) 103(4) 27(4)

30 493(2) 154(2) 149(2)

50 487(2) 153(2) 73(4) 29(4)

60 148(2)

75 464(3) 146(2) 70(3) 36(5)

90 453(1) 142(1) 63(3) 147(1)

100 338(1) 138(1) 71(3) 40(4)

120 420(1) 132(1) 138(2)

130 411(1) 129.0(5) 62(2)

132 408(2) 128(1)

135 369.5(5) 116.0(5) 128(1) 61(3)

142 363(2) 114(1) 62(2) 46(2)

150 362.6(5) 113.9(5) 122(1) 60(2) 2(5)
175 350.5(5) 110.0(5)

180 114(1) 60(2)

200 338.5(5) 106.4(5)

210 110.3(5)

2407 304(1) 96.3(5) 101(2) 63(3) 51(3)
2559 302(1) 94.7(5) 99.5(5) 62.0(15) 51(2)
270¢ 297(1) 93.3(3) 98(2) 60(3) 52(4)
298¢ 289(1) 90.8(5) 95(2) 63(1) 54(2)
320 92.6(5) 62(1) 56(3)

“Muon hfcc found from either the TF data, the positions of the FT peaks (Figure 1), the TD fits (eq 1), or the positions of the A, resonances
(Figure 2), which were calculated from eq 4. The errors are discussed in the text. ®The reduced muon hfcc, A, = A,/3.184, in both the bulk and in
NaY. “f-proton hfcc for the eclipsed protons of the terminal CH; groups and the staggered dprotons of —CH,Mu found from the positions of the A,
ALC resonances (Figures 2 and S) for the t-butyl radical, which were calculated from eq 5. “Representative values for A, (T) interpolated from Table
1 in ref 3. The errors were assessed to be higher than those given in this Article.

175
A Mu-t-Butyl, Ay(T) - Current Study
165 [ Mu-t-Butyl, Ay/(T) - Percival
[ Mu-t-Butyl, Ay(T) - Roduner
155. A Mu-t-Butyl, Ay/'(0) - DFT
'(

0
A Mu-t-Butyl, A'(0)- UMP2

145 A Mu-iButyl, Ay'(T)- Current Study
RN A\ Mu-i-Butyl, Ay'(0) - UMP2
N
135 @ iButyl, Ay(T)-EPR

—— AW/(T),V, = 2.8 kJ/mol, DFT - t-Bu
—— AW/(T),V, =2.2 kJ/mol, DFT - t-Bu
— AW'(T),V, = 3.8 ki/mol, UMP2 - t-Bu

125

Ay or A, (MHz2)

115 F — A(T),V, =26 kJ/mol, UMP2 - iBu
— AW(T),V, = 1.5 kl/mol, DFT-i-Bu

105

95

|
85 :
75 L L |- L L 1
0 50 100 150 200 250 300 350

Temperature (K)

Figure 3. Temperature dependences of the muon hfcc, A;(T), for the
Mu-t-butyl (solid cyan triangles, present study; shaded green squares, ref
3; and shaded brown squares, ref 4) and Mu-isobutyl radicals (solid
black triangles, present study). Also shown are EPR data points for the
unsubstituted isobutyl radical (solid green circles). The colored fit lines
are based on classical calculations for different torsional barriers. Several
theory points are plotted on the y axis at 0 K and these along with the
fitted lines for both the DFT/B3LYP-EPRIII calculations from Table 3
or the UMP2/EPR-III calculations from ref 18 are discussed in the text.
The vertical dashed line denotes the melting point of bulk isobutene at
133 K. The sharp discontinuity in A, (T) for the muoniated t-butyl
radical is noteworthy.

data from ref 3 well, but they begin to deviate at the lower
temperatures, particularly at 15 and 5 K, showing markedly
increased hfcc that are well outside the error bars and scatter in
the data. (The A, resonances in Figure 2 are very broad in the

16527
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Figure 4. Temperature dependences of the f-proton hfce, A, (T), for the
muoniated and unsubstituted ¢-butyl radicals in the bulk. The upper data
points and plots are for the CHj protons of muoniated t-butyl (present
data, solid red triangles; data from ref 3, shaded green squares) and the
lower data points and plots are for —CH,Mu (present data, solid purple
triangles; data from ref 3, light purple squares). The two solid green
circles are representative of the early EPR measurements for the methyl
protons of the unsubstituted radical. The solid red line is a classical fit to
the T dependence, A, cy,(T), for the eclipsed methyl protons from the
DFT/B3LYP-EPRIII calculations of the proton hfcc in Table 3, whereas
the dashed red line is a similar fit to the staggered methyl protons for the
same (100 J/mol) torsional barrier. The solid purple line is a fit to
AP,CHZMH(T) for the staggered methylene protons, which is also from the

DFT/B3LYP-EPRIII hfcc calculations in Table 3.

solid phase, giving proton hfcc with expanded errors.) The solid
red line shown is a fit of eq 9 to these AP,CH3(T) data from the
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B3LYP/EPR-III-calculated hfcc in Table 3, giving the 0 K value
of 131.6 MHz shown by the open triangle. The fit gives a very
small torsional barrier of only 100 + 10 J/mol, as demanded by
the steep slope seen in the data. The dashed red line in this figure
is a similar calculation for the corresponding staggered methyl
protons (eq 10), assuming the same fitted barrier. These are very
weakly populated, so only a single data point (red square at 5 K)
could be determined. Note that in contrast to A,( T), these
A, c,(T) data do not exhibit any discontinuity at the bulk phase

transition.

In comparison with the unsubstituted radical, the Mu atom
introduces an inequivalence in the protons of the -CH,Mu
group, which gives rise to staggered proton hfcc that increase
with increasing temperature, as shown by the lower data points in
Figure 4 (the inverse trend to that exhibited by both A, (T) and
Ap,cu,(T)). The light-purple squares are from ref 3, whereas the

darker-purple triangles are the present data, establishing the
trend much better down to S K. The solid purple line shown is a
fit of these AP,CHZMH( T) data for both data sets to the model of eq

10 from the B3LYP/EPR-III calculations of the proton hfcc in
Table 3. Interestingly, the methylene protons also do not exhibit
any discontinuity at the 133 K melting point of isobutene.

3.2. In NaY and USY. The polycrystalline zeolite environ-
ment broadens both the TF/FT—uSR lines and ALC—uSR
resonances compared to the bulk, particularly at the lower
temperatures, because of hyperfine anisostropy. Example ALC
spectra for the Mu-t-butyl radical in NaY are plotted in Figure §
for a loading of three isobutenes per SC. Similar ALC plots
comparing the spectra for NaY and USY are shown in Figure 6 at
temperatures of 90, 150, and 240 K. The solid lines are again fits
to background-corrected Lorentzian line shapes for each peak, as
in Figure 2.

The very broad line seen at ~17.5 kG at 30 K in Figure S is the
A, resonance for the muon. There is a barely discernible
resonance at ~14 kG, which we believe is the A, resonance for
the Na nuclear hyperfine coupling and is obscured by the tail of
the A line. The muon resonance is noticeably sharper at 90 K at
a field of ~17.2 kG. The distinct resonances seen at ~15.4 kG at
90 K in Figure 5 and most clearly at ~13.4 kG at 150 K are the Na
A, lines, which are seen also as a shoulder at ~11.4 kG in the scan
at 240 K, although they are obscured by the shifted position of
the muon resonance at ~11.8 kG here. Note that the A,
resonances in NaY extend to temperatures well above the bulk
melting point of 133 K, although they become much weaker at
higher temperatures where A, (T) was determined mainly from
the TF data.

The Na A resonances were generally observed over the full
temperature range, although with more uncertainty from broader
ALC lines at the lowest temperatures. To first order, we may
expect the peak areas of Ay ALC lines to scale approximately as |
A, ' which is qualitatively the case for the Na resonances
here. The observation of these resonances is clear evidence for
the binding of the Mu-t-butyl radical to the cation in NaY,
evidence that was lacking for the MuC4Hj radical in ref 13. The
typically weaker resonances seen at the higher fields above the A,
lines in Figure 5 are mainly the A, resonances for the CHj
protons, although the upper weak resonance seen at ~13.1 kG at
298 K is for the —CH,Mu protons. This narrow scan was
intentionally chosen with smaller field steps to better resolve
both the methyl and particularly methlyene resonances; the
expected intensity ratio of 3/1 is clearly observed here. Both
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Figure 5. Representative ALC—uSR spectra with Lorentzian fits to the
background-corrected spectra for the Mu-t-butyl radical formed from
isobutene for a loading of three isobutenes per SC in NaY at selected
temperatures. These spectra are typically broader and hence less distinct
than those for the corresponding plots in the bulk phase (Figure 2), but
in like manner they are dominated by the A, resonance, which extends
up to much higher temperatures than in the bulk. Both the Na A, and
muon A, resonances are too weak to be seen in the low statistics scan at
298 K.

proton resonances are much less distinct in USY (Figure 6)
because of the extended tails of the very broad A, lines.

There are no signs of any Na resonances in USY (Figure 6), as
was expected. The A| resonances that dominate each scan are
also generally much broader in USY than in NaY, indicating more
motion of the t-butyl radical sampling a higher degree of
hyperfine anisotropy, which is similar to what was seen for the
MuC¢H radical in USY." The A, resonances shift to lower fields
with increasing temperature in both frameworks, reflecting the
temperature dependence in A, (T), and are consistently found at
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Figure 6. Representative ALC—uSR spectra with Lorentzian fits for the
Mu-t-butyl radical formed from Mu addition to isobutene at a loading of
three isobutenes per SC in NaY (from Figure S) compared with similar
plots in USY at 90, 150, and 240 K. The USY scans are dominated by
much broader A, lines that are also shifted to lower fields than in NaY.
The Na A, resonances seen in NaY are absent in the USY data. There are
also weaker lines seen at higher fields in USY at 90 and 240 K, which are
the A, resonances for the methyl protons.

lower fields in USY than in NaY, corresponding to lower muon
hfcc. The results have been tabulated in Table 1 for NaY (only)
and are plotted for both NaY (red data points) and USY (green)
in Figure 7 for loadings of mainly three isobutenes per SC and are
compared therein with results from the bulk (Figure 3), which is
shown by the solid cyan (to 133 K) and blue fit lines, with the
latter extended through the solid. Some data were also taken in
NaY at one isobutene per SC (240, 270, and 300 K) and are
plotted in Figure 7 but are not distinguished in the plot because
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Figure 7. Plot of the reduced muon hfcc, A (T), for the Mu-t-butyl
radical in NaY (red data points) and in USY (green points) compared
with the earlier fitted B3LYP/EPR-III lines for results in the bulk solid
phase (cyan line, up to 133 K) and from the UMP2/EPR-III calculations
in the liquid phase (blue line) (both taken from Figure 3). The purple
line is a fit of eq 9 to the A/(T) in the NaY data, assuming the UMP2/
EPR-II calculations with H-capping from Table 4, with A;,(0) = 141.5
MHz, indicated by the open purple circle, and giving a fitted barrier of
3.8 kJ/mol.

these values did not differ significantly from those of the nearby
points at three isobutenes per SC.

The purple line in Figure 7 is a fit of eq 9 to the A, (T) data for
Mu-t-butyl in NaY from the UMP2/H-capping calculations of
Table 4, with A;(0) = 141.5 MHz. Although falling below the
data at the lower temperatures, the fit at the higher temperatures
is good. (The B3LYP/EPR-III calculations from Table 3 are well
above the data, which is a similar trend as in the bulk in Figure 3.)
The blue line is not a fit to the USY data but is taken from the
UMP2/EPR-III fit to the A/(T) data in the bulk liquid from
Figure 4 and accounts quite well for the USY data over its
temperature range. Note that the A, (T) values for USY fall well
below those found in NaY over most of the temperature range
and are much closer in fact to the similar values in the bulk.
Significantly, there is no clear discontinuity in A;(T) at any
temperature in either NaY or USY, demonstrating the
importance of guest—host interactions in the faujasite supercage.
The decrease seen in muon hfcc at low temperatures in NaY
compared to the bulk (cyan line from Figure 3) suggests some
transfer of electron spin density from the radical to the cation,
which is in accord with the observation of Na A, resonances.

The proton hfcc, determined from the Lorentzian fits to the A,
lines and eq S, are plotted for NaY in Figure 8. These could only
be determined at the higher temperatures. Similar results were
found in USY, albeit with larger errors and only at a few
temperatures and are not plotted. The eclipsed protons for
A, cu,(T) in NaY are shown as the green diamonds in Figure 8,

whereas the red triangles are methyl hfcc from the bulk (Figure
4) along with the two EPR points (green circles) from that figure.
The green line is is taken from the earlier fit to the bulk data, with
the same fitted torsional barrier of V, = 100 J/mol, although here
with Ap,CH;(O) = 139.5 MHz (open triangle) from the B3LYP/
OH-capping calculations from Table 3. The H-capping
calculations (A, cy,(0) of 143.8 MHz) give a trend line that is
shifted slightly higher for this barrier (not plotted).

The staggered hfcc for AP‘CHZMU(T) in NaY are the cyan

diamonds in Figure 8, with the purple triangles from the bulk data
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Figure 8. Plots of the proton hfcc for CH; (green diamonds) and
CH,Mu (cyan diamonds) for the Mu-t-butyl radical in NaY along with
the earlier data in the bulk at low temperatures from Figure 4 (red and
purple triangles). The upper green line is the same as the fitted line from
Figure 4 for Ap,CHs(T) but for a 0 K intercept of 139.5 MHz (open green
triangle) from the B3LYP/EPR-III calculations of Table 3 with OH-
capping. The solid green circles are the EPR points from Figure 4. The
cyan line is a fit of eq 10 to the data for A,y (T) in NaY from the
B3LYP/EPR-III calculations from Table 3 for H-capping (26.7 MHz at
0 K, open cyan triangle), giving a fitted barrier of V, = 2.6 kJ/mol. The
magenta line is the fitted result for A, cpy,p,(T) from Figure 4.

of Figure 4. Here, the cyan line is a fit of eq 10 to these methylene
proton hfcc in NaY only, from the B3LYP/H-capping
calculations from Table 3 (26.7 MHz at 0 K). The OH-capping
calculations gave essentially the same fit. A similar outcome is
seen in Figure 9. The magenta line in Figure 8 is taken directly
from the fit to the bulk data in Figure 4, which makes clear that
the fit to the NaY data is below the results for A, ¢y, (T) in the
bulk, in concert with the transfer of electron spin density from the
t-butyl radical to the cation seen in the A, ( T) data in Figure 7.
3.3. Sodium Resonances. The Na hfcc, Ay,(T), are plotted
in Figure 9. The solid blue line is a semiempirical fit on the basis
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Figure 9. Plot of the T dependence of the Na hfcc, Ay,(T), mainly for a
loading of three isobutenes per SC (the point at 290 K is at one
isobutene per SC). The blue and red fit lines are semiempirical using the
B3LYP/EPR-III calculations from Table 3 with OH- and H-capping,
giving 0 K values of 124.2 (open blue triangle) and 120.7 MHz (open
red triangle) , with both giving the same torsional barrier of 2.1 + 0.2 kJ/
mol. The green line is also a semiempirical fit, but it is from the UMP2/
EPR-II calculations with H-capping from Table 4, with a 0 K value of
79.8 MHz (open green triangle), and gives a poor fit to the data.

of the same model as in the bulk for A;(T) from the B3LYP/III
calculations with OH-capping from Table 3, but with a fitted
parameter for the second term of eq 9. The red trend line is a
similar result from the H-capping calculations, with both giving
equally good fits to the data. The central assumption here,
justified below, is that the amount of electron spin density
transferred from the central carbon to the Na cation decreases
with increasing temperature in a like manner to that of the
dihedral angle dependence for the muon hfcc of the Mu-t-butyl
radical, A;,(T). The green line is from the UMP2/EPR-II H-
capping calculation from Table 4 and fails to account for the data
point at 30 K, even with its large error.

4. ASPECTS OF THEORY: A,(T) AND A(T)

4.1. Background to Previous Calculations in the Bulk.
The comparisons with theory in this Article for the muon and
proton hfcc of the muoniated t-butyl radical in both bulk phases
and in the zeolite environments for NaY and USY are in accord
with recently published results for in vacuo (single molecule at 0
K) DFT/B3LYP and UMP?2 calculations of the hfcc for the ethyl
and, mainly, s-butyl radicals'® carried out within the Born—
Oppenheimer (BO) approximation, partly with EPR-II but
mainly with EPR-III basis sets.’’ > The degree of spin
contamination in the UMP2 wave functions is small. Vibrational
averaging corrections,””** which are known to be particularly
important for the muon hfcc given the large effect of zero-point
energy (ZPE) upon substitution of the much lighter (factor of 9)
Mu atom in a C—H bond,>***~%" were treated by a simple ansatz
in which the C—Mu bond was stretched to 1.076 times the
equilibrium C—H bond distance, discussed in ref 18, and was
based on methods developed by Boehm et al.* and Lounila et
al,,>® with hfcc calculations then carried out on this modified but
static geometry. Stretching the C—Mu bond weakens it
compared to C—H, effectively enhancing the electron spin
density at the muon, giving rise to a larger hfcc and thereby
approximating the effect of vibrational averaging on the muon
hfcc.

4.2, Barriers to Internal Rotation: The T Dependence of
B-hfcc. In muoniated radicals, where Mu replaces H in a methyl
group, as in Mu-t-butyl, the barrier to internal rotation is
expected to be entirely vibrationally induced,®*'">!61832735
with the C—Mu bond adopting an eclipsed geometry with
respect to the p, orbital of the unpaired electron (upe), resulting
in a maximum hfcc at 0 K that also reflects the effect of vibrational
averaging that is modeled by the ansatz described earlier.
Concomitantly, the protons in —CH,Mu adopt a staggered
geometry, exhibiting a minimum hfcc at 0 K. With increasing
temperature, the larger vibrational amplitude of the C—Mu bond
results in it rotating away from its favored conformation,
decreasing its hfcc, A, (T), with the opposite effect seen for the
methylene protons. The measurement of this T dependence
provides a determination of the torsional barrier hindering
internal rotation. For the unsubstituted CH; protons of the Mu-t-
butyl radical, a high proton hfcc resulting from eclipsed C—H
bonds at 0 K is also expected.

For f-substituted alkyl radicals, the torsional barrier depends
on the dihedral angle (0) between the p, orbital of the upe and
the direction of the C—H (or C—Mu) bond, V(8), and can be
determined from the potential energy difference between
conformations of maximum and minimum total en-
ergy.3’6’7’33’36’39 Although detailed ab initio calculations of
torsional barriers for alkyl radicals have been carried
out,>*33%5% most are historic now and the results can be
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unreliable because of the methods that were used as well as the
general difficulty of accurately determining total energies.
Thus, in comparison with experiment, recourse is often made
to phenomenological models for the determination and
interpretation of torsional barriers, first established by
Fessenden,” in which V(6) is assumed to have twofold angular
symmetry for a pair of rigidly rotating alkyl groups of the form

1

V5(0) = EVZ(I — cos 20) ©)
which assumes a planar radical center (symmetry about p, for + 6
rotations) and also ignores molecular interactions and vibrations
about the minimum,” which is effectively then also a single
molecule approximation. Though both local threefold and sixfold
potentials better describe the dihedral angle dependence for
methyl groups in unsubstituted alkyl radicals,**’ the presence of
the muon in the —CH2Mu group introduces an asymmetry in
methyl rotation such that even though these higher torsional
symmetries have been considered for Mu-substituted radi-
cals,>***¥% they do not offer any real improvement in fitted
results compared to the simple potential of eq 6 for the torsional
motion affecting the C—Mu bond, which is consistent with its
natural twofold rotational symmetry for alignment with the p,
orbital of the upe at 0 K.

For the unsubstituted methyl group of Mu-t-butyl, although
threefold (or sixfold) symmetry seems a natural choice, as for the
unsubstituted radical, the effect of torsional couplings with other
modes*” are unknown for muoniated radicals. One could expect
these to be appreciable given the huge effect of ZPE on the
vibrational averaging on the muon hfcc. It is arguably as
reasonable then to continue to employ eq 6 to model the T
dependence of methyl rotation in Mu-t-butyl as it is for any other
phenomenological form. It is also only sensible to apply the same
model for torsional motion of different alkyl groups in the same
radical, so that the fitted barriers can be compared on the same
basis.

If the interchange rate between different rotational con-
formers, with hfcc A,,(ej) at angle 6, is faster than the difference
in their hyperfine frequencies, then the observed value of the -
hfcc at a given temperature, Ay( T), can be written as a
Boltzmann-weighted average over torsional energy states E;

Zj Aﬂ(gj)e_E’/kBT
“E /kyT
Lje 7)

By fitting experimental data for the T dependence of f-hfcc to the
form of eq 7, the barrier height V, can be determined. Although
an inherently high-T approximation, this thermal-averaging
method has enjoyed wide success over a range of temperatures,
as cited in ref 12. For muoniated radicals, it was first employed by
Ramos et al. to determine V, for the Mu-ethyl radical in the liquid
phase®” and later by Percival et al.® to determine V, for the Mu-t-
butyl in both the liquid and solid phases, with both assuming the
McConnell description of S-hfce. 471632

In the spirit of these phenomenolgical approaches, we have
used the classical model outlined by Krusic et al. for determining
A(T) in which the torsional energy levels E; of eq 7 are replaced
by V,(6) from eq 6, giving the form

ZjAﬂ(ej) ¢ V2(6)/ksT
3 ¢ V(0)/ksT
j

A4(T) =

Ay(T) =
(8)

where the Y is over angles for different equilibrium
conformations and where A4(6;) are found from ab initio
calculations of the f-hfcc at these conformations. Although in
principle this sum should be evaluated knowing A4(6,) at a
multitude of angles on the torsional surface, a qualitative
determination of the torsional barrier height that explains the
observed T dependence for A4(T) can be found by selecting the
three equilibrium angles, 6, = 0 and +120°, for the basic C;
rotational symmetry of a methyl group, with hfcc calculated at
these angles.lz’18 Thus, from ref 12 for eclipsed C—H bonds at 0°,
eq 8 reduces to

-0. k
A/;(O) + [A/;(IZO) + Ap(—IZO)] x ¢~ 07SV/ kT
—0.75V,/ kT

Aﬂ(T) =
14+ 2e
©)

and for staggered (+£120°) C—H bonds

—0. k,
Ap(120) + [44(0) + Ay(—120)] x e *7%/AT

Ay(T) = —0.75V,/kyT

1+ 2e

(10)

To be useful, a model should be simple. There is only one fitted

parameter here: the torsional barrier height, V,. Although any

quantum effects arising from the light muon mass that might be

exhibited by A, (T) would obviously not be accounted for by this

simple classical model, these may also be seen in the experimental

results, in which case accurate fits to the data even from a simple
model can be instructive.

4.3. Methodology and Geometries for t-Butyl in NaY.
Isolated sin§1e-molecule calculations have been carried out in
Gaussian09°" using a 64-bit compiler, with a similar methodo-
logical approach as described in ref 18 and were briefly
commented on above. (These earlier calculations used
Gaussian03 on a 32-bit compiler.) The B3LYP hybrid density
functional was used to construct the DFT Hamiltonian,*® with
EPR-III basis functions™ employed for calculations of the hfcc
for the t-butyl radical and with both OH-capping and H-capping
for the NaY environment. Comparisons are also made with
UMP?2 calculations in the zeolite environment but for only an
EPR-II basis set with H-capping.

Zeolites are aluminosilicate frameworks with a unit cell
consisting of eight sodalite cages (too small to accommodate
alkyl radicals) and eight supercages (SC),?**"*® where in NaY
the extra-framework Na cations compensate the negative charge
of each AlO, link in a 3D array of tetrahedral bonding. The
experimental NaY sample in this study had a Si/Al ratio of about
3.5, whereas that for USY was about 6.8.">'® Each SC is joined to
four others via 12-ring windows (W) of Si or Al atoms and 12
bridging O atoms of ~7.5 A in diameter, leading to SC pore sizes
of ~13 A in diameter that easil;r accommodate large radicals such
as s-butyl,"> cyclohexadienyl,'* and t-butyl (here).

Only a small part of the unit cell is used to model the host—
guest interaction between the t-butyl radical and the NaY
framework. As is commonly done, this is taken to be a six-
membered ring of tetrhedrally bonded Si/Al and O atoms with a
Na cation at its center,”>*"** representing the location of the ‘SIT’
cation within a SC*”* (A diagram showing this for Mu-
cyclohexadienyl in the same NaY fragment may be seen in ref
13). Although including the Al either directly or via a charge-
averaged T-atom model>>*' is important if the goal of the
calculation is to model the effect of Brensted acid sites, this is
arguably less important in the calculation of hfcc. Accordingly, we
have adopted this simpler fragment model SisO¢Na, as in the
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calculations of ref 41 for the binding of ethene to cation sites in
NaY. Each Si atom is capped by either H atoms*" or hydroxyl
groups.® The electronic structure calculation is simpler for H-
capping, although OH-capping better preserves the total charge
of the missing Si atoms. The effect of both cappings are
compared for the present B3LYP/EPR-III calculations of the
hfcc for the Mu-t-butyl in NaY in Table 3 below.

To calculate the muon hfcc of Mu-t-butyl in the NaY
environment, we adopted the same ansatz of elongating the C—
Mu bond by 1.076 from its equilibrium geometry for C—H,
which was utilized above for the calculations of A;(T) in the bulk
(Figure 3), to compensate partially for the dynamical effect of
vibrational averaging for the C—Mu bond. Although the degree
of this C—Mu bond stretching could be slightly different in NaY,
we have not explored this because we expect that it would not be
a significant effect given the close similarity in the data seen in the
two environments (Figure 7). The framework structure of USY is
more complex," and no hfcc calculations were carried out for
this.

In the NaY calculations, the Pople 6-31+G** basis functions
were used for the Na' and the six-membered ring fragment,
including the capping of Si by H or OH, to determine the hfcc of
the t-butyl radical in the C,HyNaY environment. During
geometry optimization involving NaY, the position of all of the
atoms in the zeolite fragment were fixed, whereas those of the
capping atoms (with the same fixed directions as those of the Si
or O atoms in the O—Si—O links of the original zeolite but with
flexible bond lengths for the capping H atoms) and of the ¢-butyl
radical were allowed to move. For comparison, we have also
studied the structure of the complex composed of a bare Na* and
the radical (C,Hy'Na*), where the 6-31+G** basis set was also
used for the Na* cation.

Some key geometric parameters for the f-butyl radical
complexed with bare Na* and with NaY are summarized in
Table 2 for the B3LYP/EPR-III calculations for both H- and OH-

Table 2. Geometric Parameters for t-Butyl in Different
Environments from B3LYP/EPR-III Calculations”

t-butyl- NaY (H- t-butyl-NaY (OH-

parameter t-butyl  t-butyl-Na* capping) capping)
C—CH, 1.491 1.499 1.498 1.499
C—H (e) 1.103 1.101 1.101 1.101
2 C-C-C 118.8 117.7 117.4 117.1
dihedral angle 158.2 150.3 148.3 147.0
C—H (s) 1.093 1.092 1.091 1.091
C—Na 2.548 2.650 2.708

“The 2nd column gives the in vacuo calculation for the unsubstituted
radical, the 3rd column is for its interaction with a bare Na*, the 4th
column gives the effect of the interaction with the NaY fragment for
the H-capping of the Si atoms, and the Sth column gives this for OH-
capping. The notations ‘(e)’ and ‘(s) in the first column refers to the
eclipsed and staggered conformations, respectively. The distances are
in angstroms, and the angles are in degrees.

capping. Similar results are shown in Table S1 for the UMP2
calculations for H-capping with an EPR-II basis for t-butyl, with
comparisons also given there for an EPR-III basis set for C,H,-
Na*. There are generally only small differences seen in these
geometrical parameters between the B3LYP and UMP2
calculations in comparison with the in vacuo results and in
particular for tBu-NaY for either H- or OH-capping. There is
little change between H- and OH-capping as well because both
are pointing in the same direction as in the original zeolite

framework (away from the cation). The biggest effects are on the
dihedral angle, which is determined by the intersection of the two
planes for the backbone carbon atoms (180° for a planar carbon
skeleton). This is already nonplanar for the uncomplexed radical,
indicating a pyramidal angle of 22°, but it becomes even more so
upon interacting with either a bare Na* or t-butyl-NaY for the
zeolite fragment, indicating that pyramidal distortion is
significantly enhanced in the NaY supercage.

This distortion effect results in less spin density spreading from
the radical center to the peripheral H atoms compared to the
planar radical. On this basis alone, we could expect a reduced hfcc
for particularly the muon hfcc of Mu-t-butyl in NaY compared to
the bulk at low temperatures. However, this purely geometrical
effect is offset by the interaction of the radical with the NaY
environment, as can be seen from the calculations of hfcc in
Tables 3 and 4.

As noted, the methodology followed here is similar to that for
calculations in the bulk and is generally as follows: (i) obtain a
single optimized geometry for an isolated t-butyl radical (first in
the bulk and then in the NaY environment) at 0 K, (ii) determine
the hfcc of both the methyl and methylene protons from the
equilibrium geometries found, and for the muon from the ansatz
for the C—Mu bond stretched by a factor of 1.076, with
calculations then carried out on this modified but static 0 K
geometry, and (iii) fit the T dependence of the data to a
Boltzmann average over the torsional energy states using model
eqs 9 or 10 and the ab initio calculations of hfcc at 0 K to obtain a
value of the torsional barrier, V,, both in the bulk and in NaY.

4.4. Electronic Binding Energies of t-Butyl in NaY. A
table of the electronic binding energies (BEs), which are
inherently negative quantities, for both the B3LYP and UMP2
calculations is given in Table S2 for the interaction of the ¢-butyl
radical with a bare cation (top three entries) and for the two
capping environments of the NaY fragment. In a manner
consistent with the shorter radical-Na" distance seen from the
geometries in Table 2, the largest calculated BEs are for the t-
butyl-Na* interaction in comparison with those for t-butyl-NaY,
which are in fact relatively weak, varying between only 3.9 and 7.2
kcal/mol. These are much weaker than the estimates suggested
in ref 13 for the binding of the Mu-cyclohexadienyl radical to
NaY at up to ~25 kcal/mol. There are large differences in dipole
moments, however, between cyclohexadienyl, ~ 0.47 D,” and t-
butyl, which is estimated to be only ~0.2 D.

In the study from ref 13, the line widths for the A; (muon)
resonance in NaY, which inform about motional dynamics, were
followed up to 470 K, revealing a much stronger binding of C;Hg
in NaY than in USY, but in the present study of the hfcc of Mu-t-
butyl, the highest temperature was only 320 K, so it is not
possible to draw any firm conclusions from these data about the
magnitudes of the BEs given in Table S2. Still, we can infer from
the ALC line widths in Figures S and 6 that the BE for t-butyl is
considerably weaker in USY compared to NaY, which is in like
manner to that seen for MuC¢H,. "> (We remark that the B3LYP
calculations of BEs for t-butyl in HY reported in ref 35 appear to
be far too high compared to NaY, with the latter agreeing
reasonably well with those found here, despite the different basis
sets employed.)

4.5, Calculated Hyperfine Coupling Constants. The
calculated single-molecule hfcc from Gaussian09 for the
unsubstituted t-butyl radical and for the proton and muon hfcc
of the muoniated ¢-butyl radical, as well as the 13C hfcc, are shown
in Table 3 for the B3LYP/EPR-III calculations for both H- and
OH-capping of the NaY fragment and in Table 4 for the UMP2/
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Table 3. B3LYP/EPR-III-Calculated Hyperfine Coupling Constants (in MHz) for t-Butyl and Mu-t-Butyl in Different

Environments”
calculation Mu C CMuH,
t-butyl 1212
t-butyl (geometry from t-butyl-Na*) 140.9
t-butyl-Na* 88.2
t-butyl-NaY (H-capping) 93.0
t-butyl-NaY (OH-capping) 94.6
Mu-t-butyl 155.5 120.3 =25.5
Mu-t-butyl-Na* 174.4 87.3 -13.6
Mu-t-butyl-NaY (H-capping) 168.1 92.7 -12.3
Mu-t-butyl-NaY (OH-capping) 163.7 93.7 -9.1
Mu-t-butyl (120) 347 1212 —29.1
Mu-t-butyl-Na* (120) 312 1387 ~166
Mu-t-butyl-NaY (120) (H-capping) 29.9 94.2 -15.5
Mu-t-butyl-NaY (120) (OH-capping) 315 952 -12.8

CMuH, (e) CMuH, (s) CH, CH; (e) CH; (s) Na
-26.5 133.2 30.3
—-21.7 128.2 26.5
—-14.3 151.1 27.8 140.8
-13.3 145.7 26.7 121.9
—-10.4 141.7 26.0 125.5
29.1 —25.8 131.6 29.8
27.3 —-13.7 149.1 274 140.1
26.1 —-12.6 143.8 26.3 121.0
254 —-10.0 139.5 25.2 1244
132.3 30.7 —26.8 133.2 30.4
150.4 28.1 —14.6 151.1 27.9 138.7
145.0 26.7 -13.5 145.7 26.8 120.4
141.4 26.1 —10.8 141.2 26.0 124.1

“Determined from Gaussian09.%" The atom for which the hfcc is calculated is shown in bold type. For both the CMuH, and CH; environments, (e)
and (s) refer to eclipsed (0°) and staggered (120°) conformations. The entries in the 2nd row are for t-butyl with the same geometry as for its
interaction in NaY but in the absence of any interaction with the cation, whereas the 3rd row shows the effect of these interactions with the bare
cation. The 4th and 5th rows show the difference in the NaY environment with H- and OH-capping, respectively.

Table 4. UMP2/EPR-II-Calculated Hyperfine Coupling Constants (in MHz) for +-Butyl and Mu-t-Butyl in Different

Environments®
calculation Mu (¢ CMuH,
t-butyl 168.2
t-butyl-Na* 106.5
t-butyl-NaY (H-capping) 108.3
Mu-t-butyl 128.1 166.8 229
Mu-t-butyl-Na* 143.9 105.1 —-14.7
Mu-t-butyl-NaY (H-capping) 141.5 107.0 —-16.8
Mu-t-butyl (120) 23.7 168.3 —27.8
Mu-t-butyl-Na* (120) 220 107.1 —184
Mu-t-butyl-NaY (120) (H-capping) 23.3 108.7 —20.4

“H-capping only. See the caption for Table 3.

CMuH, (e) CMuH, (s) CH; CH,; (e) CH; (s) Na
—=25.7 113.9 22.1
—16.6 1289 20.6 86.8
—-17.8 128.3 21.0 80.3
20.8 —24.9 112.6 21.6
19.7 —-16.0 127.5 20.2 86.7
20.0 -15.9 127.7 20.2 79.8
113.1 22.0 —-25.9 113.9 22.1
128.3 20.4 —-16.7 128.9 20.6 85.8
126.4 20.5 -17.7 1292 20.6 79.7

EPR-II calculations for H-capping only. The Mulliken spin
densities for H-capping are given in Tables S3 and S4,
respectively. The effect of a change in basis set for the UMP2
calculations of hfcc is shown in Table S5 for the t-butyl
interacting with a bare cation only. In these tables, the atom for
which the hfcc has been calculated is indicated in bold. Of
particular interest here and in comparison with the current
experiments, are the results for the eclipsed (e) and staggered (s)
C—H bonds in CH; presented, in addition to the results for C—
Mu (labeled ‘Mu’).

There are some fairly significant differences seen in the
calculated hfcc for the t-butyl radical in Tables 3 and 4 resulting
from synergistic changes in the molecular interactions and
geometry caused by the NaY environment inducing a
redistribution of the spin density at the nucleus. We have
attempted to assess these largely opposing effects by the B3LYP/
EPR-III calculations shown in the top five rows of Table 3 for the
unsubstituted t-butyl radical. Although it is mainly the *C hfcc
(not measured here) that are most affected by changes in the
environment, there are also significant changes in the hfcc for the
methyl protons, CHj;, particularly for the eclipsed conformation.

The effect of geometry alone is quite appreciable, as can be
seen by comparing the hfcc in the bound geometry of the radical
in the NaY environment, but in the absence of any interaction
with the Na cation, shown in the second row of Table 3 and the
freely optimized radical geometry shown by the in vacuo

16533

calculations in the first row. The effect of the interaction between
the radical and the charge of the cation is shown for t-butyl-Na" in
the third row, which largely reverses the trend noted earlier
resulting from just the geometry. Note the large increase seen in
the proton hfcc for CH, (e), which is more so than for CHj (s).

Also noteworthy is the relatively large nuclear hfcc of 140.8
MHz that appears for the t-butyl-Na* interaction (third row in
Table 3), reflecting a transfer of spin density from the central C
atom to the cation (Tables S3 and S4). The effect of H- or OH-
capping further alters these trends, although at only the few
percent level. The same general trends are seen for the Mu-t-
butyl radical (row 6 and above), for which specific comparisons
are made with the ySR data in Figures 7—9, as discussed later.

Similar trends are also seen in Table 4 for the UMP2/EPR-1I
H-capping calculations. The most obvious difference between
these two methodologies is that the UMP2-calculated hfcc are
uniformly less compared to B3LYP, by as much as 20% in some
cases, and by about twice that for the Na hfcc. This trend to
reduced hfcc in the UMP2 calculations seems to be a general
outcome for alkyl radicals'>'® and is found also in the
interpretation of the data for A,(T) for Mu-t-butyl in the bulk
(Figure 3), also discussed later.

Because the B3LYP calculations of hfcc were carried out in
NaY with an EPR-III basis set, whereas the UMP2 calculations
utilized EPR-I, it raises the question of how sensitive the UMP2/
EPR-II-calculated hfcc are to a change of the basis set for the t-
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butyl radical. The full UMP2/EPR-III calculations for the NaY
fragment did not converge, but we were able to compare the
effect of a change in the basis set for the t-butyl-Na" interaction,
as shown in Table SS. In comparison with the entries in Table 4,
it is again the '*C hfcc that are the most dramatically affected, but
more importantly here both the muon and proton hfcc increase
by only about 3% on average, with a similar decrease seen in the
Na hfcc. Because these changes are of the same order as the
experimental errors in the ySR data for Mu-t-butyl in NaY
(Figures 7—9), we conclude that the comparisons made between
the data and the calculated UMP2/EPR-II hfcc in Table 4 will
not be significantly compromised.

5. DISCUSSION: THEORY AND EXPERIMENT

5.1. A,’,(T) and AT for t-Butyl and Isobutyl in the Bulk.
The results for the T dependences of the (reduced) muon,
A,(T), and proton, A,(T), hfcc for the muoniated t-butyl radical
in the bulk and their comparison with some EPR data and with
theory are shown in Figures 3 and 4. Less complete data for the
Mu-isobutyl radical are also shown in Figure 3. At low
temperatures, from near 50 to 5 K, A,(T) remains constant at
the maximum value of the muon hfcc for the eclipsed C—Mu
bond, particularly for the Mu-t-butyl radical (cyan triangles). An
eclipsed conformation is also indicated by the T dependence for
the proton hfcc of the single C—H bond of the isobutyl radical
(green circles and dashed line) and for the methyl protons of the
muoniated t-butyl radical in Figure 4 (red triangles and fitted
line).

For Mu-t-butyl, a fit of the simple function of eq 9 to the A;(T)
data in the solid phase from the B3LYP/EPR-III calculations of
the muon hfcc given in Table 3 (A,'(0) = 155.5 MHz) is shown
by the cyan line and gives an excellent fit to both data sets, with a
torsional barrier V, = 2.8 & 0.2 kJ/mol, which is a bit lower than
that reported in ref 3 (3.4 kJ/mol) from a different method
performed over a more limited temperature range. The
discontinuity seen in A,(T) at the 133 K melting point of
isobutene is a clear indication of the effects of the intermolecular
interactions on the muon hfcc in the isobutene environment,
which is possibly enhanced by the predominately planar nature of
the t-butyl radical."® This cannot be accounted for by thermal-
average models such as those represented by eq 7 or eq 9. The
excellent agreement noted between the in vacuo B3LYP
calculations and experiment for A;(T) in the solid phase may
then be fortuitous, as though these calculations mimick the effect
of lattice interactions.

Percival et al.® fit their Mu-t-butyl hfcc in the liquid phase
assuming the same value for A,;(O) as in the solid, which is
tantamount to assuming the same potential minimum in both
phases. It follows that the different T dependences seen in Figure
3 in the solid and liquid phases are due to differing distributions
of the torsional states. The orange fitted line in Figure 3 makes
the same assumption and gives an equally good ﬁt to all of the
data, including the earlier data of Roduner et al.* in the liquid
phase (light-brown squares) and with the same torsional barrier
of V, =2.2 + 0.2 kJ/mol as that found in ref 3. The higher barrier
found from both studies in the hindered environment of the solid
ensures more limited vibrational excursions near 0 K, which is in
accord with the observation of a broader plateau region in Figure
3. It is worth remarking that the early calculations of the torsional
barrier for methyl rotation in t-butyl>® gave ~2.7 kJ/mol, which is
in good agreement with the fitted barriers found here from eq 9.
Pyramidal inversion of the carbon skeleton at the a-carbon®**°

may also be contributing to —CH,Mu rotation in the liquid
phase.

An alternative point of view is that intermolecular interactions
in the bulk influence not only the distribution of torsional states
but also the spin density itself, thereby directly enhancing the
muon hfcc near 0 K. This is implied by the UMP2-calculated fit of
eq 9 to the data for A;(T) in the liquid phase in Figure 3 (blue
line) extended into the solid phase (dashed line), with a value at 0
K of 131.1 MHz."® This is much lower than the B3LYP-
calculated value of 155.5 MHz that agrees well with the muon
hfcc data at 5 K and gives an excellent fit to all three data sets in
the liquid phase, with a higher fitted barrier, V, = 3.8 & 0.3 kJ/
mol, consistent with the more shallow slope of the liquid-phase
data. The point here is that UMP2-calculated muon hfcc are in
accord with the comparisons carried out in ref 18 for the ethyl
radical in the absence of evidence for intermolecular interaction
effects on the hfcc (no discontinuity is seen in A (T) at the phase
transition for ethene'®), which give the best agreement with both
ab initio theory®”*** and experiment for the muon hfcc of the
Mu-ethyl radical, supporting the alternate view here that the
A,(T) dependence seen for Mu-t-butyl in the solid phase may be
largely due to lattice interactions.

The black triangles and fitted line in Figure 3 are the A, (T)
data for the muoniated isobutyl radical, (CH;),C MuCH,. The
fit, again to the classical model of eq 9, utilizes the UMP2-
calculated muon hfcc of ref 18, and it too is in excellent
agreement with the experimental trend, with a torsional barrier
V, = 2.6 + 0.3 kJ/mol. In contrast to the possibly fortuitous
agreement noted above for Mu-t-butyl in the solid phase from the
B3LYP-calculated hfcc, the DFT calculations here do not agree
with the experiment for Mu-isobutyl, giving a 0 K value of 160
MHz, which is well above the measured value and thus supports
the rationale for the UMP2 calculation here. It may be that
molecular interactions affecting the muon hfcc in the solid phase
are not as important for the less-planar carbon skeleton of the
primary Mu-isobutyl radical compared to the Mu-t-butyl radical,
but this could only be confirmed by TF—uSR data for Mu-
isobutyl in the liquid phase.

The green line in Figure 3 is a fit of eq 9 to early published EPR
data for the proton hfcc for the single C—H bond of the
unsubstituted isobutyl radical (green c1rc1es) ¥ from the
B3LYP/EPR-III calculations of proton hfce,'® which is also in
accord with the aforementioned comparisons between theory
and experiment for the ethyl radical. Although there is no data in
the solid, the value at 0 K of 140 MHz from these extrapolated
DFT-calculated hfcc (dashed green line) gives a torsional barrier
of V, = 1.5 #+ 0.2 kJ/mol from the fit shown, which is in accord
with conventional wisdom that the barrier for AI;(T) should be
higher as a consequence of the ZPE-enhanced vibrational
contributions to the C—Mu bond.

For the muoniated t-butyl radical, there are two f-proton
environments (for the unsubstituted CH; groups and for the
substituted —CH,Mu group), with their hfcc A,y (T) (red

triangles) and A, ¢y, (T) (purple triangles) plotted in Figure 4.

On the basis of the EPR data indicated there (green circles) and
from the earlier #SR measurements of Percival et al.> over a
similar temperature range (green squares) along with the well-
known EPR results for the ethyl radical,** we expected to see a T-
independent methyl proton hfcc for the Mu-t-butyl radical,
A, cu,(T). However, the present data, even allowing for its

relatively high level of scatter, clearly show that this is not the
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case, with these hfcc increasing dramatically with decreasing
temperature below ~50 K.

The solid red line is a fit of eq 9 to both uSR data sets for
A, cu,(T) from the B3LYP-calculated proton hfce of Mu-t-butyl

from Table 3 (131.6 MHz at 0 K), giving a fitted barrier of only
100 =+ 10 J/mol. Although one may question the simple model
potential of eq 6 used here, the steep slope in the data itself
dictates an unusually small torsional barrier. Interestingly, the
broad plateau seen in the muon hfcc in Figure 3 is in sharp
contrast to the T dependence seen for the eclipsed proton hfcc of
unsubstituted CHj, suggesting that the flat T dependence for
A( T) as T — 0 over a 50 K range could be a manifestation of
quantum effects specifically affecting the alignment of the C—Mu
bond. The lone data point at 5 K in Figure 4 (solid red-square) is
for the staggered CHj; protons, and the broken red trend line is
calculated from eq 10, assuming the same torsional barrier of 100
J/mol as for the eclipsed protons.

The purple line in Figure 4 is a fit of eq 10 to both ;SR data sets
for the staggered protons of —CH,Mu, again from the B3LYP-
calculated hfcc (Table 3), and is essentially the mirror image of
the decrease seen for A, (T) in Figure 3. The 0 K intercept of 30.7
MHz (open purple triangle) and fitted line are in excellent
agreement with the data, with a fitted torsional barrier V, =2.3 +
0.2 kJ/mol. This is somewhat lower but not inconsistent with the
DFT fits for A,(T) in Figure 3, giving V, = 2.8 + 0.2 kJ/mol.
(These would be strictly the same for only rigid-rotor rotation.)
The high-temperature “free rotor” limiting value of 64.3 MHz
from these B3LYP calculations for A,y (T) is also in excellent

agreement with the trend in the data. In contrast, the UMP2
calculations give poor agreement at all temperatures, which again
is consistent with the trends discussed in ref 18.

Another noteworthy feature in Figure 4 is that there is no
discontinuity seen at the bulk melting point for the proton hfcc of
either A, oy, (T) or A, oy v (T), with the latter in particular being

in marked contrast to A,(T) for the same —CH,Mu group in
Figure 3. This dramatic difference in behavior between the muon
and proton hfcc seen at the phase transition suggests a
fundamental difference in the intermolecular interactions that
specifically impact the muon in the C—Mu bond, perhaps
because of the effect that these interactions have on the zero-
point vibrational averaging of the muon hfcc and which is
reflected as well in the differing trends seen at the lowest
temperatures for A,;(T) (Figure 3) and Ap,CHs( T) (Figure 4).

5.2. A,(T) and A,(T) for Mu-t-Butyl in NaY and USY. The
muon hfcc, A, (T), for the Mu-t-butyl radical in NaY and USY are
plotted in Figure 7 and show a smooth T dependence in both
NaY (red data points and purple fitted line) and USY (green
points and blue line), which is in contrast to the discontinuity
seen at the bulk phase transition of 133 K in Figure 4. Although
there is perhaps a hint of some discontinuity just past the bulk
melting point (vertical line) in NaY, this is not seen in USY, and
because guest—host interactions are stronger in NaY we are
persuaded that this is not a real effect. The smooth trends seen in
the data for A (T) in both NaY and USY demonstrate that at a
loading of 3/SC it is guest—host interactions at single binding
sites that dominate in the zeolite supercage, which is the opposite
limit from the many-body interactions that appear to be manifest
by the discontinuity seen in A, (T) in the bulk. Stated otherwise,
there is no equivalent to molecular freezing resulting from the
guest—guest interactions of isobutene between supercages at this
loading (which may be contributing for benzene at the highest
loadings of 6/SC in USY13).

Because the equilibrium geometries of Table 2 point to an
enhanced contribution from the pyramidal distortion of Mu-t-
butyl in the zeolite supercage, the absence of any clear
discontinuity in A, (T) in NaY (or USY) also echoes an earlier
suggestion that its observation in the bulk could be partially due
to facile pyramidal inversion at the radical center in the liquid
phase, which is in accord with the rather large distortion from
planarity seen in Table 2 for the uncomplexed radical. This could
well be hindered in the zeolite supercage.

This difference between the bulk and the NaY data also
provides the key to the comparisons with theory here. Because
guest—guest interactions play little or no role in the zeolite SC at
the loadings of interest, it reasonable to continue to employ the
single-molecule model of eq 6 to describe the torsional barrier.
The purple line in Figure 7 is a fit of eq 9 to the A/(T) data for
NaY, assuming the UMP2/EPR-II H-capping calculations of
Table 4 (0 K value of 141.5 MHz), giving a torsional barrier V, =
3.8 + 0.3 kJ/mol. This gives a reasonable overall account of the
data, particularly in the liquid phase, although it falls below the
experiment by about 5% in the solid phase. The fitted barrier for
—CH,Mu rotation here is about 30% higher in NaY than the
average of the fitted results in the bulk (Figure 3), suggesting that
there could be an additional steric effect arising from the internal
rotation of the bulky methyl groups in the geometric confines of
the supercage. As to be expected from the calculations of ref 18,
in the absence of lattice interactions, the B3LYP/EPR-III
calculated muon hfcc from Table 3 give worse overall fits to
the data (not plotted). However, it is of some interest to compare
these results with the earlier B3LYP-calculated values of Ghandi
et al.>® with a less extensive basis set, giving A;,(0) = 130 MHz in
NaY, which is about 30% below the DFT results here in Table 3
(A,(0) = 163.7 MHz). It is likely that this difference is mainly due
to a different treatment of the vibrational averaging contributions
to the muon hfcc in ref 35.

At the lowest temperatures, the trend to lower muon hfcc for
A( T) in NaY compared to the bulk (cyan line from Figure 3)
seen in Figure 7, indicating a transfer of electron spin density to
the Na* (Figure 9), is in contrast to earlier studies of both the
Mu-ethyl'® and Mu-cyclohexadienyl"? radicals in NaY, where the
muon hfcc near 0 K are actually about 20% higher than in the
bulk and where there is also no evidence for any Na hfcc. The
low-temperature trend in Figure 7 is reversed at the higher
temperatures up to about 250 K, with the muon hfcc in NaY
being well above those in the bulk (blue line from Figure 3). The
data for A, (T) for Mu-t-butyl in NaY are also well above those in
USY, which closely parallel the bulk data up to this same
temperature. This close similarity is further evidence for weaker
guest—host interactions with bridging hydroxyl groups in the
USY supercage, which is seen also for the Mu-cyclohexadienyl
radical in a comparative study in NaY and USY." Because there
are no extra-framework cations in USY, it is reasonable to expect
more bulk-like behavior than in NaY.

At temperatures above 250 K, the trends in the data for A;(T)
in Figure 7 for both NaY and USY suggest that they could be
merging to a common value of ~90 MHz, which is well above
that expected from the free rotor result of '/;[A;,(0) +24,,(120)]
either in the bulk (58.0 MHz from the UMP2/EPR-III
calculations'®) or in NaY (62.7 MHz from Table 4). This
signifies the onset of desorption of the butyl radical from its
binding sites in both NaY and USY, which is consistent with the
difficulty of seeing the A, resonance near 300 K (Figure S) and
also reinforces the earlier suggestion that the BEs of t-butyl to
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cation sites in NaY are much less than for the cyclohexadienyl
radical."

The hfcc for the methyl (green diamonds) and methylene
(cyan diamonds) protons, A, cyy,(T) and A, cpnu(T), for Mu-t-

butyl in NaY, plotted in Figure 8, are compared there with similar
data from Figure 4 in the bulk (red and purple triangles). The
dark-green trend line showing the AP]CHz( T) dependence is not a

separate fit to the NaY data but is the same fitted line as for the
data in the bulk, with the same torsional barrier of 100 J/mol.
This accounts as well for the data in NaY along with the two EPR
points shown, which was confirmed by a separate fit giving V, =
98 J/mol.

The cyan line in Figure 8 is a fit to the A, oy v, (T) dependence

for the NaY data only. The fit is from the B3LYP/H-capping
calculations of Table 3, with A,(0) = 26.7 MHz, giving a fitted
barrier of 2.6 + 0.3 kJ/mol, which is similarly within errors as that
determined over the full temperature range in the bulk (Figure 4)
and gives a good account of all of the data points. The results for
OH-capping are similar, with the same fitted barrier. The
magenta line in Figure 7 is the fit line from the data for

AP’CHZMU(T) only in the bulk. A comparison with the cyan fit line

for the same dependence in NaY shows that the latter is clearly
reduced compared to the bulk by a comparable amount as seen
for A;(T) in Figure 7, particularly at the lower temperatures.
Although such a result is to be expected and is consistent with the
transfer of some electron spin density from the central C of the
radical to the Na cation, it is also a nice success of the theory that
the same trend is so well reproduced here.

5.3.Sodium hfcc. The T dependence of the Na hfcc, Ay, (T),
is plotted (red triangles) in Figure 9. The calculations of Na hfcc
(Tables 3 and 4) have assumed a static zeolite fragment, SizO¢Na,
including the Na. This assumption is based on the powder
neutron diffraction results of ref 40, showing only small changes
in the interaction distances to the Na* in bare NaY as well as in
the t-butyl-NaY distance between 4 and ~298 K. Thus, we might
have expected to see a T-independent Na hfcc. However, that is
clearly not what the data is showing. The colored lines in Figure 9
are phenomenological fits that assume the same T dependence as
in the dihedral angle dependence of eq 9 for the t-butyl radical
but with the second term treated as a fitting parameter. Given the
assumption of a static cation here, the only mechanism for
altering the amount of electron spin density transferred to the
Na" with temperature has to come from the T dependence of the
dihedral motion either of the p, orbital on the —C(CHj), group,
where the a-carbon is interacting with the cation in NaY (Table
S2), or of the C—Mu bond in —CH,Mu with respect to p,. In the
simple classical model of twofold rigid-rotation that eq 6
represents, these motions are equivalent. In either case, the Na
hfcc Ay, (T) should exhibit the same T dependence as the muon
in A, (T).

The blue and red lines are the B3LYP/EPR-III calculations
from Table 3 for this dihedral motion for OH-capping (124.4
MHz at 0 K) and H-capping (120.7 MHz), whereas the green
line is from the UMP2/EPR-II H-capping calculations of Table 4
(79.8 MHz). The B3LYP fits cannot be distinguished, with both
giving excellent fits to the data and the same torsional barrier of
V, =2.1 + 0.2 kJ/mol. The data point at 30 K, with a hfcc of 118
MHz, albeit with a large error of +8 MHz, provides a clear
distinction between the B3LYP and UMP2 H-capping
calculations of Table 4. The UMP2-calculated result (green
line) gives a worse y* with an anomalously high torsional barrier
of V, = 44 + 0.4 kJ/mol.

Of more interest perhaps, is the amount of electron spin-
population transferred to the Na atom. We can estimate this from
the results at 0 K in Figure 9. The trend in the data is in excellent
agreement with the B3LYP-calculated fits and their values at 0 K,
which average to Ay, (0) ~122 MHz. This would correspond to a
spin population of about 14%, which is scaled from the maximum
spin density of 886 MHz expected for the isolated Na atom.*®
Mulliken spin populations from the current calculations are given
in Tables S4 and S5. For the B3LYP calculations with either H- or
OH-capping, these are about 10%, which is in quite good
agreement with the estimate above, particularly in view of a larger
level of calculational error to be expected from the Pople 6-
31+G** basis set used for the Na" and six-membered ring
fragment for NaY. This is more restrictive than either the
B3LYP/EPR-III or UMP2/EPR-II basis sets used for the ¢-butyl
radical in the zeolite environment. To the best of our knowledge,
the T dependence plotted for Ay,(T) in Figure 9 and the spin
population determined at 0 K is the only example of its kind for a
nuclear hfcc (other than H) in zeolites. An earlier report in
CuZSMS determined the Cu hfcc at only a single high
temperature of 433 K.**

6. CONCLUDING REMARKS

Reported in this Article is a detailed study of the temperature
dependences of the muon and p-proton hyperfine coupling
constants (hfcc) for the muoniated t-butyl radical in the bulk,
down to low temperatures (S K) for the first time, and also for the
first time in the faujasitic zeolites NaY and USY. The muon hfcc
of the more weakly formed Mu-isobutyl radical in the bulk have
also been determined for the first time.

For both muoniated radicals but particularly for Mu-t-butyl,
comparisons are made with single-molecule ab initio calculations
at 0 K for the muon and proton hfcc from both B3LYP/EPR-III
(Table 3) and UMP2/EPR-II (Table 4) calculations. The proton
hfcc are calculated using the optimized geometry for the
unsubstitued radical and are in better agreement with the
B3LYP calculations, which is in accord with expectation.'® Those
for the muon are based on a simple ansatz for both
methodologies, wherein the C—Mu bond is stretched by 1.076
to account qualitatively for the effect of vibrational averaging on
the muon hfcc. Better agreement is found with the UMP2
calculations in the absence of evidence that intermolecular
interactions impact on the muon hfcc, which also is in accord
with this expectation.

The temperature dependence of the muon hfcc, A,(T), and
proton hfce, A,(T), is modeled by a simple classical twofold
potential, V,(@), for the dihedral angle dependence, with
calculated hfcc at the equilibrium angles (0 and £120°) weighted
by a Boltzmann distribution of energy states to estimate the
torsional barier to internal rotation. This simple model gives a
good account of the experimental data in both the bulk and in
NaY (Figures 3, 4, 7, and 8), with the only exception being the
data for A (T) for t-butyl in the bulk, which exhibit a marked
discontinuity at the (133 K) melting point of isobutene (Figure
3). This cannot be accounted for by a thermal average model,
although good fits to A, (T) are obtained separately in the solid
and liquid phases.

An important feature of the present data in the faujasites,
which stands in marked contrast to the data in the bulk, is that
there is no discontinuity in A, (T) at the bulk melting point in
either NaY or USY (Figure 7), demonstrating that there is no
equivalent to a macroscopic melting phenomena at a loading of
three isobutenes/SC, but instead that local guest—host
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interactions dominate at single binding sites in the supercage of
the host lattice.

The proton hfcc for both the methyl and methylene
(—CH,Mu) protons of Mu-t-butyl show not only the lack of
any discontinuity at the bulk melting point (Figure 4), in clear
contrast to A;(T), but also only small differences in the values for
Ay cn,(T) or Ay cpva(T) in NaY and the bulk (Figure 8). These

comparisons, along with the observation of a continuous T
dependence for A;(T) in both zeolite frameworks, signal that the
origin of the phase-dependent differences seen for the muon hfcc
in the bulk lie in the specific intermolecular interactions with the
C—Mu bond that influence the degree of vibrational averaging
for the muon hfcc, leading to specifically enhanced hfcc in the
solid phase.

The data for A;(T) in NaY at lower temperatures falls below
that in the bulk, a trend that is well reproduced by the UMP2
calculations in Figure 7, indicating the transfer of electron spin
density to the Na cation. This trend is also seen in the proton hfcc
for AP,CHZMU(T) in NaY in Figure 8, which is also well reproduced

by theory. The Na hfcc from this spin density transfer, Ay,(T),
are plotted in Figure 9 and provide an estimate of the Na spin
population, which agrees well with the calculated Mulliken values
(Tables S3 and S4).

Even in cases where molecular interactions are expected,
particularly in the many-body environment of the bulk, the
single-molecule calculations of hfcc employed here, in concert
with a simple rigid-rotor model for the torsional potential, do
surpisingly well in accounting for the experimental data both in
the bulk and in NaY (USY), with the exception of A,(T) at the
bulk-phase transition in Figure 3. To the best of our knowledge,
this study and the one reported earlier for s-butyl radicals in ref 12
are the only examples utilizing ab initio calculations of hfcc to fit
experimental data for muoniated alkyl radicals, not only in
zeolites but also in the bulk.
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