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Multinuclear solid-state nuclear magnetic resonance studi€d®Re, >Mn, 7°As, and'H NMR) were
undertaken on a series of polycrystalline inorganic salts incorporating diamagneficgkaups, X being a
half-integer quadrupolar nucleus. Exploiting data acquisition protocols that were recently developed for
observing undistorted half-integer quadrupole central transitions, some of the largest quadrupole coupling
constants reported to date by high field NMR were characterige(h ~ 300 MHz). On repeating such
measurements as a function of temperature, certain samples displayed reversible changes that could not be
rationalized in terms of the usual temperature dependencies of the nuclear quadrupolar couplings. Instead,
dynamic exchange processes between chemically or magnetically inequivalent sites had to be invoked. To
quantitatively analyze these processes, the semiclassicalBldcGonnell formalism for chemical exchange

was extended to account for second-order quadrupole effects. Insight into the potential nature of the chemical
dynamics was also obtained from quantum chemical calculations of the coupling parameters on model systems.

1. Introduction quantum (MQ) transitions. This is somewhat of a paradox,
considering that it has long been known that as a result of
dynamics in the surrounding lattice, the electric field gradients
(EFGs) which determine the magnitudes of quadrupolar interac-

Nuclear magnetic resonance (NMR) offers one of the most
established approaches for the detection and molecular-level
chara_cterlzatlo_n of dyr_1am|cs in _soh&is?The anisotropic nature tions can be substantially temperature depentest.
of solid NMR interactions provides well-defined local probes ) i
of orientation, and motions or chemical exchange processes yield 1€ Present paper discusses both theoretically as well as
rate-dependent changes in the experimental line shapes that cafXPerimentally a number of examples of how molecular motions
be interpreted in terms of established kinetic models. Such MaY influence the NMR powder patterns of half-integer quad-
dynamic NMR theories were laid down decades ago for the rupolar nuc_le|. ‘_rreatments on the _effects of motions on second-
case of first-order dipolar, chemical shielding, and quadrupolar °rder Hamiltonians were in fact discussed years ago by Luz et
anisotropies. In particular, variations of the classical Blech &l yet the emphasis of those studies were EPR-related zero-

McConnell equatiorfs’ have served as some of the most widely field couplings treated with a diffusive stochastic Liouville

s’ d as some of _ o . . : :
used tools for elucidating dynamics in biological, organic, and h€0ry:® As this work was being readied, two new studies

polymeric solids via a variety of°C, 3P, and?H variable- appeared concerning the effects of motions on half-integer
temperature techniques. quadrupolar nuclei: a density matrix treatment by Kristensen
Recent years have witnessed a surging interest in the solid-and Ftarnan, ;"?}Ch Cemtplr(;b/edl L||0U\t/)|Hey?n Neulmtanntwsuper;j
state NMR of half-integer quadrupolar nuctei2 This is partly operaltors and the Lartaiiveyl aigebra to simulate two- an
due to methodological advances in spectral resolution andthree'Slte chemical exchange for static _and rotating séfidad
assignment techniques, as well as to the realization of the @ study by Eckert et al. on the dynamics of phosphate groups

numerous contributions that this methodology can make to based on a semiclassical exchange gpproxméﬁénsmnar
chemistry, materials sciences, and structural biophysics. DuringmethOOI was here adopted for treating static NMR. spectra
the course of applying such methods to a variety of molecular domm_ated by _secpnd-ord_er quadrupolar a_nd/or first-order
and biomolecular solids, we found that an important area to chemlqal shielding Interactions. A variety of line shapes that
understand and develop in this field concerns the potential can arise due to rotational and phem|cal exchange processes
effects that dynamics may have on the spectra arising from €€ thus an_alyzed bOt_h numerically as well as an_alytlcally,
higher half-integer nuclei. Such treatments lie at a comparatively and the resu_ltlng dynamm_second-ordgr qua(_:Iru_poIar line shapes
less developed stage than their spinand spin-1 counterparts, compan_ad with cases dominated by anisotropic first-order effects.
particularly with regards to modeling how dynamics will affect The insight resulting from these simulations was subsequently

i i i ide-li 185/18
the second-order quadrupolar line shapes of central and multiple-app.“ed to interpret a series of wide lm? stafiein and Re
static NMR spectra acquired at a variety of temperatures for a
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linear increase ofqQ/h with decreasing temperature, a rare (cs) LB
instance of a decrease éqQ/h with decreasing temperature, Pram R2(l) (MOL) 225 M (14B) (6)
and a variety of dynamic effects on the EFG tensors resulting pQ Iy “iEm *m

2xm " gy

from intra- and extramoiety processes occurring on the NMR
time scale of the second-order anisotropy. Some of these
dynamics involved unusual reorientation angles, far from the
tetrahedral ones that could be expected for,X@roups. To

shed further light into these values, a series of ab initio

Multiple exchanging sitegwill thus be defined by multiple
(04,8),7)1<j=n Sets of Euler angles, whereag,) denotes a
common set of powder angles which has to be suitably
calculations were carried out, which showed that exchange integrated over the solid sphere in order to sample all orienta-

between such angles can in fact arise from minor lattice-imposedtions With respect to thB, field. The actual transformations in
distortions of the X@ structures away from their expected eq 6_ can be_accompl_lshed by means of second-rank ng_ner
crystallographic symmetry. rotation matrices? for instance, for the cases relevant to this

study
2. Theory 2 2
Semiclassical Exchange FormalismAs starting point for R = z D(.6.0) Z DZ o By o5
extending the semiclassical analysis of exchange to half-integer n=-2 m=-2
quadrupolar nuclei, we employ the expressions resulting from 2 2 _ _
average Hamiltonian theory for the NMR resonance frequencies = z d%(6) z e ™ (B)e "L (7a)
in static solid powder spectfd.The relevant Hamiltonian for n=—2 m=2
the exchanging quadrupole nucleus will thus be assumed: 2 2
R(Z?t)l = Dzil(q)vaio) DZ (avﬁ,?’)P(zQ)
H=HY + HQ + HY @) n:z—z " m:z—z & K
2 2
where the first- and second-order quadrupolar interactions will _ N 6) o ima 2 (ﬂ)e—in(yw) Q (7b)
be expressed as n=z—2 L nz_z mn Pam
2 2
HO =29 TROpiz_11+1)] (2 RY,= § D200 S Di(afy)p®
Q 212 — Dh) 2 242 ZZ nt2\P:0, zz mn\O0:+Y ) Pom
n=— m=—

@ e—Q)Zi Q RO a2 2 2

6~ (e ) RS A0+ 1 -9 1)+ T Rl T e™E B R (70)
R, REZ1[21(1 +1) — 212 — 1]} (3) = 2
where in the quadrupolar PA& = eq2, p2e1 = 0, poyz =

with {R(Z%)} m=0+14+2 being the orientational-dependent spheri- and equl(Z«/B) and in the shielding PA$20 = \/ﬁzacs
cal terms transforming the interaction from its own principal pz+1 = 0, and pz2 = dcgjcd2.
axis system (PAS) into the laboratory frame. The chemical When chemical exchange occurs, the stochastic jumps that
shielding is only considered up to first-order by the Hamiltonian groups or molecules perform between different orientations and/
or sites result in nuclear spins exchanging their local fields.
Analyzing the full range of dynamic changes that will then occur
in a quadrupolar NMR spectrum, from a full static condition
and all the way to a fully motion-averaged resonance, is far
from trivial. This is due to the interdependence of first- and
second-order quadrupole effects, which will result in significant
spectral changes even for central transition resonances, as the
dynamic rateg approach the second-order time scalg/o) *
as well as the first-ordery)~* time scale. A complete de-
scription of such effects requires dealing with exchange super-
operators in Liouville space; certain aspects of this formalism
were recently discussed by Kristensen and Farnan, but exploring

HO = [ o, + -2REB,|I, 4)

Is0””0 \/6

where gis, is the isotropic chemical shielding arRl;> now
refers to the shielding as transformed from its own PAS.
Furthermore, if only the central (or otheim <> +m) transitions

are considered, first-order quadrupolar interactions can be
neglected due to theilﬁ-type dependence, and the relevant
evolution frequency simply becomes

W1)pr_ 112 = Oise®o + AB (%S + ECZ [41(1 + 1) — 3] its full implications remains to be described. For the goals and
RN/ wg @ needs of the present work, it will simply be assumed that
[ZR(Zcz)l R(z?) + R(an)2 R(Zg)] (5) exchange rates are localized in either the second-order or the

first-order time scales; dynamic effects can hence be followed

. simply from precession frequencies such as those in eq 5 via

whereeqG = xq = [€29QU/[41(21 — 1)A] defines the quadru-  yinetic modifications of Bloch's equations. To do so, we follow

polar coupling frequency. . McConnell's semiclassical treatment of exchange and define,
The_se expressions can _be used for modeling the effeqts Offor an N-site process, a (t) vector with N elementsM(t)

chemical exchange or motion on an NMR spectrum, provided corresponding to each of these sites' magnetizations. The

that the spatial components b and HZ) are expressed in  equation of motion for the complete magnetization vector can

some common molecular or lattice frame simultaneously then be written d<26.7

describing all interconverting sites. We describe the Euler angle d

sets associated to how the various components in eq 5 transform a — (i =

from their PAS’s into the laboratory axis system by dtNI O = (iw + )M ®)
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Figure 1. Comparisons between the effects introduced by different types of exchange processes on central transition line shapes affected by
second-order quadrupolar viyis first-order shielding anisotropies. (A) Two-site exchange about orthogonal orientations. (B) Three-site reorientations
about theC; symmetry axis of a tetrahedron. (C) Four-site exchange about the vertices of a tetrahedron. (D) Twelve-site exchange about the
vertices of a dodecahedron. Besides the indicated katke following parameters were employed in the simulations: 5/, 2qQ/h = 6.3 MHz,

nq = 0.1,ws/27r = 85.7 MHz (second-order line shapes)/2r = 85.7 MHz,0iso = 0 ppm,dcs= —324 ppm, andjcs= 0.24 (first-order patterns).

As throughout the rest of this work, EFG tensor principal components are defindylas |Vl < V4, with €gQ/h = eQ\;, (eQ being the

nuclear quadrupole moment) and = (Vyy — Vi)V Anisotropic chemical shifts are described accordingdg < [0x =< 024, dcs = 02 and

Ncs = (6yy - 6xx)/6zz-

Herew is a diagonal matrix with elementis; + i/T,, w; being G(t) = 1-S-exp[it]-S W (12)

the classical precession frequency of each exchanging site and

Ty their respective transverse relaxation timen the other A powder integration of such signals over polar and azimuthal
hand defines the topology and rates of the exchange process(,¢) angles generates a final FID that when Fourier transformed

Equation 8 can be formally solved as yields the powder spectrum being sought. Such formalism, akin
B to the one recently advanced by Eckert et®alyas used
M(t) = expliz + D)tIM (t = 0) 9) throughout this study for analytical and numerical calculations

where the initial magnetization vector is equivalent to the of central trans_iFion NMR spectra. Considering other traqsitions
L L .., and/or an additional MOt~ ROTOR— LAB transformation

column yector describing the a priori probabilities for e_ach s_ltes would enable these calculations to be extended to other half-

occupation. The sum of magnetization from all of the sites yields integer quadrupolar experiments such as magic-angle-spinning

an expression for the free induction decay (FID): (MAS) and MQMAS, as will be described and illustrated
_ elsewhere.
G(t) = ]zMi(t) = Lexpli= + 2)f]-W (10) Prototypical Dynamic Line Shapes.It is illustrative to

consider the dynamic effects that this formalism predicts for

where1 is a row vector. From a computational perspective, line shapes affected by first-order shielding visia second-
calculating the exponential in eq 10 can be carried out by orderquadrupolar|nteract|ons_. Flgurel_c_ompares the variations
diagonalizing the non-Hermitian matrix> + 7 (for instance that can be expected from various muIF|S|te exch_ange processes
using the QR transformation) as between equally populated and chemically equivalent orienta-
tions as a function of the jump rate In all cases, it is clear
Sil(iZD' +7)S=1 (11) that the principal time scale defining the line shape changes in
the order of the anisotropy involved;oR(z(E,3 and yo%w, for
from which G(t) can be calculated with the eigenvalugs the first- and second-order interactions, respectively. Comple-
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Figure 2. Comparison between the static powder patterns and limiting dynamic line shapes expected from the analytical expressions resulting
from eqs 5 and 1317 for three of the exchange models illustrated in Figure 1 (two-, three-, and four-site jump processes). All calculations assumed

an| = %, site subject solely to second-order quadrupole effects &ig/h = 10 MHz, w27 = 114 MHz, and the indicateglq values.

menting line shapes are shown in Figure 2, which compares 1 /3.

the exchange-averaged patterns that could be analytically B= 12V 2 sin26 (3 —) (14b)
calculated from the formalism in the preceding paragraph for

different exchange situations, with the static second-order _1 /3,

patterns expected for a variety of asymmetry parameter values. c= 8\/;[3 i’ f + (1 + cos’ )] (14¢)

Analytical and numerical calculations can be most readily ) , ) ]
compared for the simplest case of a 2-fold process involving !N the fast-exchange regime, whes magnitude is much larger

an exchange between sites relateciy rotations around the

z axes of their PAS’s, a common type of reorientation defined
by (a1,81,1) = (0°,8,0°), (02,B2,y2) = (0°,5,18C). From eqs
5—7, it follows that the relevant expressions for the sites'
exchanging frequencies are then

oo+ \/gwoé[ZA(S cogf—1)F
3B sin 29 cosg + 6C sin’ 0 cos 2p] (13a)

0 (£p)

0 Q(&p) = 2y Za1(1 + 1) — 3] x
Wy

{A%(co$ 0 — 1)(9 codh — 1) —
B(9 cos'® — 12 cod6 — 1) cod ¢ + 3 cos 6 — 1] +
C(9 cos'0 — 10 cod 0 + 1) co$2¢ + 12 cod O — 8] F
AB(9 cog 6 — 5) sin ¥ cosg +
2ACsin’ (9 co€6 + 1) cos D +
3BCsin [(3 co$ 6 — 1) cosg cos 2 + 2 sing sin 2p]}
(13b)

where for each of the interactions

A= é\/g(?’ codf — 1+ 5 sirtf) (14a)

than the anisotropic couplings, line shapes will be defined by
the sum of all frequencies in eq 13 fi&B. It can then be shown
that whereas for the first-order couplings these average frequen-
cies can be represented by an exchange-averaged tethsor,
second-order expressions lead to no such equivalent analogue.
This feature arises from the different weightings with which
the second- and fourth-rank anisotropic terms show up in the
averaging of the higher-order interaction. Also worth remarking
is the generally good agreement observed between the simula-
tions recently introduced by Farnan, Eckert et’@fand those
afforded by the semiclassical models in Figures 1 and 2.
Another common type of exchange in solids includes a 3-fold
jump about a symmetry axis with pseudotetrahedral geometry,
akin to that usual occurring in methyl etNHz* moieties. The
exchange averaged components of the second-order interaction
within the molecular frame will then read

RY R, =
’_%(1 _ 2%? n %? o (auB.y) = (0°,125.3,0°)
_ %2 14 %Q n %29), for (auf,y) = (120°,125.3,0°)
| _ei_gz 1+ ’7_3Q n %), for (ou,8,y) = (24C°,125.3,0°)

(15a)
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and will yield narrow resonance in the fast exchange regime for
both Hg)s and Hg) (Figure 1D). Notice, however, that in this
R(z(g) R(2‘3)2= case and until fast compared to the first-order quadrupolar
2P Ay My o N coupling, the dynamics will average out the quadrupolar
€914 4 704 R for (a,f,y) = (0°,125.3,0°) anisotropies but not the displacement arising from the isotropic
12 3 9 5 quadrupolar shift. In this regards, the exchange process carries
eq(, i n 1377q) for (aB.y) = (120°,125.3,0°) out an averaging of second-order couplings that is similar the
12\" 3 " 36/ " T one expected from fast double rotation (DCRF2
2R 2 1372 .
%' 1- % + %}) for (o.,y) = (240°,125.3,0°) 3. Experimental Section

(15b) The dynamic phenomena described in the preceding Section
were explored in X@ anions, in expectation that their high
symmetry might allow them to undergo multi-fold rearrange-
ments in the solid phase. Indeed two-, three- and 4-fold jumps
in similar symmetry-endowed groups are well-known in organic

lting in the f h ime f ber of A solids. For the present study, X was chosen for observation,
resu thg Int ef asLexc ange regime for a num ‘Tro fr?stei. Susing the half-integer quadrupolar nuclei rhenium and manga-
was the case for the two-site process, it is not clear that these, oo 25 the NMR targets. Rhenium possesses| two 5/,

patterns resemble those arising from a static half-integer isotopes,1®Re (37.1% nat. ab.) ant’Re (62.9% nat. ab.),

quadrupole powder with any single set of EFG coupling ,,qqessing some of the largest nuclear quadrupole moments in
parameters. the Periodic Table (2.4 barn fd#°Re, 2.2 barn fof8"Re)23

¢ I;mall);{. It |sO|IIIfustra]E|\1le to (r:]on5|der the symmfetrty ;[.hat nee?s Because of this feature little solid NMR data is available about
0 egc |ﬁve or af uf_exc ?jng_e averaging of ska Ic anﬁo 0" these nuclei, all of them arising from highly symmetric
pies. For the case of a first-order interaction, itis known thatin ¢ b it tion environmenf4-26 In the present work, static

order to be averaged out, anisotropies need to be exchangingpowderlgs/lgpe NMR spectra were acquired on hREQ,

with a tetrahedral symmetry or higher. Such four-site exchange NaReQ, and AsPiReQ; samples that were kindly provided
assumes a tensor centered on a tetrahedron and exchanging " ¢ b;} Prof. C. Barnes (University of Tennessee). These Re
among the four main axes of the body, defining local Euler NMR spectra were acquired using protocols that have been

Figure 1 compares the line shape progression that will result
from this motion as exchange rates are increased for the first-
order shielding and second-order quadrupolar cases, while
Figure 2 exhibits analytically derived second-order line shapes

angles as recently described for collecting meaningful wide-line central
(315°,54.7,0°) for site 1 transition data in the strong coupling regidi@®These methods
(2250’125 3 0°) for site 2 include suitably timed spinechoes to overcome the effects of
(a.By) = ’ N ; (16) the spectrometer dead time, short pulse lengths and relatively
(135,54.7,0°) for site 3 weakRffields to maximize homogeneity in the excitation, and
(45°,125.3,0°) for site 4 the co-addition of purely absorptive frequency-domain spectra

) ) acquired as a function of the transmitter irradiation offset. For
The m.olecular frame flrs};grder coupling cocrgponents for these the Re experiments, typical acquisitions parameters included
four sites then becomBS;3(Qi) = —¥s, RI(Qa) = s, 50—100us echo times, 1.Gs excitation and refocusing pulses,
Ri52(Qa) = Y3, andRS;Y(Qs) = /3, leading to a full averaging  and carrier offsets incremented in 150 kHz steps until covering
of anisotropies in the fast equipopulated exchange regime the whole range of powder spectral widths. About 8;680,000
(Figure 1C, left panel). On the other hand, the molecular frame transients were typically collected for each of these variable-
averages for the second-order couplings &R R 0= offset experiments, with 56100 ms recycle delays and 2 MHz
—0(1 + 10%0%/36)/3 andRY R, = e2q%(1 + 1370%/36)/  spectral windows. All these acquisitions took place in a 11.75
6. These expressions are evidently different from zero and point T laboratory-built NMR spectrometer controlled by a Tecmag
out to another main difference between the averaging of first- pulse programmer. Samples were packed on 7.5 mm containers
order and second-order interactions: whereas fast tetrahedraBnd placed inside the coil of a home-built variable temperature
motions will lead in the former to sharp isotropic resonances, static powder NMR probe providing up to 100 kiR notation

they will result in second-order powder line shapes that are fields. Temperatures throughout all experiments were set with
neither sharp nor defined by average coupling parametersprecooled/preheated gas streams using a custom-built controller;
(Figure 2, bottom row$° The reason for this is not unlike that  calibration of this system was based on tHeNMR signals of
preventing the MAS narrowing of second-order quadrupole methanol and of ethylenglycé!.The chemical shift calibration
patterns’ the symmetry of the motion is simply not high enough of all these experiments was based on {f#%Re NMR

for coping with the fourth-rank anisotropies arising in second- resonances of a saturated M¢Q, (aq.) solution, which in our
order couplings. In contrast to this, an exchange processspectrometer appeared at 113.8541 and 112.7180 MHz, respec-
possessing a symmetry that is icosahedral or higher will succeedtively, with approximate widths of 8 kHz.

in averaging away both first- and second-order anisotropies. For These Re@ experiments were complemented with measure-
instance, an equipopulated exchange among vertices of anments on structurally analogous MgOgroups.5®Mn, a 100%

icosahedron defined by abundant spitk, was monitored on samples of KMgO
CsMnQ, and PPEMNO,4. KMNO,4 and CsMnQ were obtained
(oBy) = from Aldrich Chemicals and recrystallized from warm saturated
(0°,0°,0°) for site 1 aqueous solutions before analysis. [NRtO, was prepared from
(72( — 2)°,63.£4,0°) for sitej =2 — 6 a one-to-one reaction of PR (Aldrich) and KMnQ, in warm

(36°+72( — 7)°,116.8,0°) for sitesj = 7 — 11 (17) water®® Most of the *Mn spectra were acquired on the
(0°,180,0°) for site 12 laboratory-built 11.75 T solid-state NMR spectrometer and
’ ’ probe; spectra were also collected under MAS conditions at 4.7
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experiment simulated e2Qq/h(*¥'Re) e2Qq/h("*Re)

M 296 °C M 108.1 MHz  113.6 MHz
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Figure 3. Experimental vs calculated wide-lif€>'®Re NMR spectra of NgReQ, recorded as a function of the indicated temperatures, and

simulated with the parameters shown. In all cases, the center frequency corresponds to 112.650 MHz. The top inset illustrates how the room-

temperature line shape is made up of overlappfige and'®*"Re NMR subspectra.

T using a laboratory-built variable-temperature spectrometer andlarities. These do not actually arise from multiple ReQites

probe systen®®Mn NMR chemical shifts were referenced with
respect to 0.1 M KMn@ (0 ppm), and both single-pulse and
Hahn-echo experiments were carried out using@fse widths

of 3.5 us and recycle delays of 0.5 s. Complementary static
*As andH NMR variable-temperature measurements were
acquired at 11.75 T; thé’As NMR spectra were referenced
with respect to high-purity solid GaAs (0 ppm) obtained from
Aldrich.

The simulation of the dynamic NMR spectra was carried out
using custom-written €+ programs on a Dell Dimension 4100
733 MHz Parallel Pentium Il computer. Hemispherical ZCW
angle sets were used for powder averadgighile the matrix
diagonalization and inversion routines were performed with
release 3.0 of the LAPACK linear algebra packagab initio
calculations of electric field gradients were conducted on the
same computer using the Gaussian 98 program %titsing
the 6-311G* basis set for both restricted Hartré®ck (RHF)
and hybrid density functional methods (B3LY#)®

4. Results

Variable-Temperature Solid-State NMR of Perrhenates.
Co-added frequency-swep#>8Re static wide-line spectra

in the lattice but from the two different Re isotopes being too
close to be separately resolved. At the 11.75 T field used in
our studies for instance, the solution stdf#Re and®’Re
Larmor frequencies are 112.72 and 113.85 MHz. This difference
is consequently smaller than the central transition line widths
observed for the isotopes in the solid, which are broadened into
the 100s of kHz by the large rhenium nuclear quadrupole
moments. Because tH&/18Re powder patterns overlap, they
had to be simulated separately and summed together to retrieve
the final spectrum (Figure 3, inset). This process is facilitated
by the fixed ratios that a priori define the Larmor frequencies,
qguadrupole couplings and relative intensities of the overlapping
powder patterns; no separate fitting of the two line shapes is
thus necessary.

Ammonium perrhenate has actually been investigated in the
solid state by a number of methods including neutron powder
diffraction®-37variable-temperature zero-field Re NG#=°and
molecular dynamics simulatiorlt crystallizes with a scheelite
structure (tetragonal, space grddg/a)*! and possesses no phase
transitions between—269 and 127°C. lts has, however,
interesting thermal properties: the unit cell expands along the
c axis and contracts alorgwith increasing temperature, keeping

collected for ammonium perrhenate as a function of temperaturethe unit cell volume constant. Tteéa ratio of the unit cell starts
are pictured in Figure 3. A characteristic feature of these and increasing at approximately 150 °C, a feature that has been
other perrhenate spectra is the appearance of multiple singu-attributed to motions of the ammonium ions. These thermal
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MHz and €9Q/h (*¥'Re) = 283.91 MHz, with asymmetry

M———————JJL parameters estimated 0.02638 Again, our 18518Re NMR
spectra conform to these values. Line-shape simulations of
the NaReQ data reveale?qQ/h (18°Re) = 278 ande?qQh
(18’Re)= 268 MHz (Figure 4), representing some of the largest
quadrupole coupling constants measured to date by solid-state
NMR experiments. Due to the extreme spectral widths and long

| 1 , : , times associated with the acquisition of these powder patterns,

119 114 109 104 99 variable-temperature experiments were not conducted on this

185/187Re Shlft (MHZ) Sample
Figure 4. Experimental (bottom) vs calculated (top) wide-lif&'8Re Petrhtapshthe rlnost lrjterestlnﬁ of tth N E;é&mp?ﬁ”dsﬁ ntalyzed
NMR spectra of NaRe® Further details on the experiment and was te raP enylarsonium perrhenate. IS thought to .
simulation parameters are given in the text. have a different structure from the metaperrhenate scheelite
structures above. A single-crystal X-ray diffraction study has

anomalies may also be affecting the Re NMR spectra, which ot been conducted on this molecule; there are, however, a
a|though not exh|b|t|ng dramatic line Shape Changes show an number of Stl’ucturally anaIOgOUS molecules which have been
odd behavior. From room temperature up+800°C, the EFG characterized by single-crystal and powder diffraction and which
tensors are axially symmetric and relatively constant, and the Supposedly share the same crystallographic space groups and
valuese€qQh (185Re) = 117.35 MHz ande?qQ/h (87Re) = basic unit cell dimensions as AsilReQ,. Among these are the
111.08 MHz that we obtain by NMR are in good agreement tetraphenylphosphonium, tetraphenylantimony, and tetraphen-
with those from the pure Re NQR experimefftsyet as ylbismuth perchlorates, whose single-crystal structures have all
temperatures are lowered, th&/8Re NMR spectra reveal a  been determined, as well as the tetraphenylarsonium and
decrease ine2qQ/h (18518Re), contrary to most variable-  tetraphenylphosphonium permanganates which were studied by
temperature trends for quadrupolar nuclei. On the basis of the Powder diffractior*~*> All these salts show the same tetragonal
molecular dynamics and variable-temperature neutron diffraction SPace grougz and similar unit cell dimensions, as well as
studies, it has been postulated that as temperature increases tHéistorted XQ~ tetrahedra possessing symmetry. It also
N—H bond lengths in ammonia groups shorten, theN+-H follows from these structures that unlike in the scheelites, the
bond ang|es get smaller, and on average theHNbonds stop ReQ, anions in AsPkReQ, are far removed from one another
pointing inan Orderly manner toward the Rg@xygens_ ThUS, by Iarge tetraphenylarsonium cations. NeVertheIeSS, as was the
changes in the Re quadrupole coupling frequencies can becase in the N&i” and Na& compounds, only one crystallographic
attributed to both intraionic structural changes as well as to Site should exist, and thus, only one resonance per isotope should
interionic ammonium-perrhenate influences. be visible in the solid-stat&>8Re NMR spectrum.

Another compound analyzed in this work was sodium  Experimental8/18Re variable-temperature wide-line NMR
perrhenate. NaReQOhas been structurally characterized by spectra of AsP{ReQ, are presented in Figure 5A. It is seen
single-crystal X-ray diffraction techniques and is also found to that as the temperature drops from 29680 °C, a conven-
have a scheelite structure (tetragonal, space gidufa),*? tional single-site spectrum showing an apparent increase in
similar to NHyReQy and to other metaperrhenates such as Cq(*8%18Re) is observed. Upon reaching-100°C, however,
KReOy, and CsRe@ Previous NQR measurements on solid the signal broadens and drops substantially into the noise, while
NaReQ revealed surprisingly large Re quadrupolar coupling on progressing downward t6160 °C, the emergence of two
constants for such symmetric growBgQ/h (185Re) = 300.02 different rhenium sites becomes clearly visible. This low

A B

x>1MHz

x=500kHzM
x=1ookHzM
x= 50 kHz M

k<5kHz

2 1 0 a2 2 1 0o a2
185157Re Shift (MHzZ)

Figure 5. (A) Experimental variable-temperatut®&/'8Re wide-line NMR spectra of AsRReQ, acquired at 11.75 T, with a center frequency of
112.65 MHz. (B) Best fit8518Re NMR spectra calculated using the model described in the text, the indicated exchange rates, and, for the sake of
simplicity, temperature-independent coupling parameters. Intensity discrepancies between experiments and simulations near the cgatescence re
are likely to arise from the fact that the former stem from an echo experiment, while the latter assume an ideal powder-wide excitation.
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Figure 6. Variable-temperature statieAs NMR spectra recorded for
the central transition of AsBRReQ, at 11.75 T. The calculated low-
temperaturé®As NMR spectrum on top was calculated assuming two Figure 7. Variable-temperaturéH second moments resulting from
inequivalent sites with couplings as provided in the text. wide-line NMR spectra of AsBReQ;; the inset illustrates the line shape
observed at the lowest temperatures using aef&itation pulse.
temperature spectrum can be simulated by overlapping sub-
spectra arising from two equally populated Re sites with the confirm the presence of two inequivalent sites as revealed by
following parameters: site 12qQ/h (1¥Re) = 63.3 MHz, the 135’18_7Re NMR spectra, the two-site exchange model used
e2qQ/h (187Re) = 58.0 MHz, andzq = 0.15; site 2,e2qQh to o_Iescpbe the latter’s coalescence was not ap_plled thﬂne
(*8Re) = 31.6 MHz,&qQ/h (187Re) = 29.0 MHz, andyq = as |n.th|.s case, the seconq-ordgr quadrupolar mteracuons were
0.846 We thus assign the spectra observed at and above roonf00 similar to the natural line widths for a detailed treatment.
temperature to dynamically averaged quadrupolar powder A valuable clue in the analysis of tH&"'8Re data was also
patterns resulting from chemical exchange between two non- provided by variable-temperature wide-line measurements of
equivalent sites, with spectra at—100 °C representing the  the perrhenate’H signals. Like in the case of the quadrupoles,
coalescence point. these spectra reveal as well the onset of a chemically activated
Possible motions that come to mind upon considering how dynamics, as judged by the continuous line narrowing occurring
to analyze these rhenium variable-temperature spectra involveabove —30 °C (Figure 7). As the protons originating these
2- and 3-fold reorientations about the nominal symmetry axes signals are confined to the [Asih groups and these are
of the ReQ™ tetrahedron, as well as a four-site exchange about probably too large to undergo large amplitude reorientations or
the symmetry axes of this body. Yet a comparison with the displacements, the narrowing is most likely stemming from a
numerical simulations reveals that none of these models canlocal motion of the phenyl groups, e.g., from rotations or
reproduce the experimental line shapes. In fact, an extensiver-flippings about their local para axes. The lattice changes
search yielded the best-fit simulations shown in Figure 5B, brought about by these motions could in turn explain the
involving an exchange between two sites whose EFG tensorscoalescence processes reported by’#s and®%18Re spin
are fixed with respect to an arbitrary molecular frame with the probes. Yet before putting forward a plausible model that
following angles: éu1,81,y1) = (90°,90°,0°); (02,0272 = accounts for the unusual features of the latter spectra (in
(0°,90,0°). It is hard to rationalize such process if it is assumed particular, the multiple sites and their unusuaf @xchange
that the central Re atom occupies the ceriglosition of the angle), we turn to a summary of the dynamics observed in a
anion. Yet another challenge posed by the Re NMR relates to structurally similar class of compounds.
justifying the presence of two-site dynamics in a system where  55Mn Static and MAS NMR of Permanganates. As a
crystallographic data would indicate the existence of a single complement to the perrhenate studies, a survey of the potential
inequivalent chemical site. To further clarify these issues, we dynamics that other X© groups may undergo in the solid
turned to two other NMR-active nuclei available in the phase was carried out. Targets of these studies included KMnO

Temperature ("C)

sample: "°As and'H. CsMnQy, and PPIMnO,4. KMnQ, crystallizes in the ortho-
There are very few reported instances of solid-st#te NMR rhombicPnmaspace group, with four molecules per unit ¢@ll.

in the literature, with some of the few examples being on These permanganate ions do not have perfect tetrahedral point

rhombohedral arsenic and gallium arsenide métaf8.Though symmetry and are in fact composed of sets with differenti@n

7®As is 100% naturally abundant, it is a spi-quadrupolar bond distances: 1.622, 1.625, and 1.63¥In static and MAS
nucleus with a large quadrupole moment (0.29 barn), which NMR spectra of KMnQ have been reported in the literatife;
usually results in very broad powder patterns. Static-sptho a survey of their temperature dependence is pictured in Figure
>As NMR spectra of AsPiReQ,, however, show narrow central 8. At first sight, it may appear from the statfn NMR spectra
transitions (Figure 6) with a single, slightly asymmetric Gaussian that some sort of chemical exchange is taking pletdén MAS

line shape Avi, ~ 4600 Hz) at room temperature. As the NMR, however, reveals that in fact the coupling parameters
temperature is lowered, however, spectra broaden, and beloware simply changing continuously with temperature: these
—80 °C, their NMR clearly reveals the presence of two spectra can be simulated at 20 and20 °C with e2qQ/h =
chemically inequivalent sites. Simulations of the low-temper- 1.65 MHz,5q = 0.3, anddiso = —7.0 ppm and?qQ/h = 1.95
ature spectrum yield the following parameters for them: site 1, MHz, o = 0.25, anddiso = —14.5 ppm respectively, with a
eqQ/h ("°As) = 6.2 MHz andnq = 0.4; site 2,e2qQ/h linear increase ire’qQ/h and decrease in chemical shift for
("*As) = 2.9 MHz and#nq = 0.5. Although these changes temperatures in between.
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Figure 8. (A) Central transition stati€®Mn NMR spectra of KMnQ acquired at 11.75 T at the indicated temperatures.>{@n MAS NMR
spectra of KMnQ acquired at 4.7 T, illustrating the continuous variations of the central transition line shape upon changing temperature.

if insufficient spectral resolution in their features has hitherto
prevented us from pinpointing the exact nature of the exchange.

Looking for further insight on the dynamics of AsiReQ,,

simulation we turned to th&®n NMR of its analogue PRMnO,. Though
A14°C no single-crystal data is available for this compound, both IR
and X-ray powder diffraction suggest that tetraphenylphos-

phonium permanganate should be similar to the better character-
ized perchlorate® The static room temperatu®Mn NMR
spectrum of this salt displays no significant second-order
quadrupole broadenings; yet its classic spirsatellite pattern
reveals a small quadrupole coupliefyQ/h ~ 450 kHz (Figure
10A). Upon lowering temperatures, the static central transition
line shape broadens and shifts slightly, while ¥dn satellite
transitions become distorted and indicate the presence of two
0°C sites below ca—20 °C. More revealing perhaps, theMn MAS
spectra of this compound clearly split at approximatel0
22°C °C (Figure 10B)* while low-temperature 2D MAS exchange
, \ : \ - data reveals a dynamic interconversion occurring between two
20 10 0 . 10 20 -30 sites (Figure 10C). Although a comprehensive analysis of these
**Mn Shift (kHz) MAS NMR line shapes remains to be done, it is evident that
Figure 9. Static variable-temperatuP@Mn NMR spectra acquired for  for both AsPhReQ, and PPEMNnO, two inequivalent sites per
CsMnQy at 11.75 T. The bottor_n trace S.hOWS a central transition line unit cell are undergoing a therma”y activated mutual intercon-
shape calculated for the following coupling parametefsiQ/h = 6.8 version.
MHz, 7q = 0.15,0iso = —47 ppm,dcs = —18 ppm, andjcs = 0.33.

-100 °C

o . 5. Discussion
Although little is known about the NMR of cesium perman-

ganate, the crystal structure of this salt has been determined The main purpose of this work was to present a model for
and found to have the same space grdepnig as KMnQ,.53 treating the effects of chemical exchange betwBesites on
Mn—0O bond lengths in CsMngange between 1.601 and 1.606 the static NMR central transitions patterns arising from quad-
A, and all 0-Mn—0 bond angles are different, meaning that rupole nuclei, and then use such formalism to study the thermal
also in this case the permanganate anion does not have perfedbehavior of XQ~ groups in solids. Particular attention was
Tyq symmetry. Also, as for KMng) the static®®Mn NMR spectra focused on the solid-state NMR of AsfReQ, and PPRMNQOy,

of CsMn(Qy reveal a slight temperature dependence of the which, according to preliminary expectations, should yield single
metal’s coupling parameters (Figure 9). Yet the line shapes alsosets of NMR resonances. Mutually exchanging sites were
show distinct changes that cannot this time be solely explained observed instead in both cases, which for ASRIO, could be

in terms of continuous coupling changes. Pidn MAS spectra ascribed to EFG tensors place®0° apart from one another.
(not shown) are also indicative of such dynamic exchange. The This may at first sight seem surprising, as there is little in the
CsMnQ, static line shape changes are in fact reminiscent of symmetry of perrhenate groups that would suggest such relative
those presented in Figure 1 for various exchange models, everorientations. To get further insight on the origins of this angle
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Figure 10. ExperimentaP"Mn NMR spectra acquired for PRnO,4 under different conditions. (A) Static spectra showing the thermal evolution
of the satellite transitions. Shown on top is the best fit simulation to a single siteefg@h = 450 kHz. (B) Central transition NMR spectra
observed for the same compound undergoing MAS at 10 kHz; notice the line shape coalescence occurringhaeednr-30 °C, reminiscent

to the one exhibited by each Re isotope in Figure 5. (C) 2D exchange MAS NMR spectra recorded for the central trar8diCatevealing
cross-peaks between two interconvertiigin powder patterns.

as well as on the nature of the exchange process, ab initiouniqgue O-CI—0O angles ¥ andy, Figure 11A). RHF/6-311G*
calculations were implemented to pinpoint the approximate calculations then show that gsleparts 109.5€?Qg/h follows
orientation of EFG tensors in distorted XQtetrahedra. To this  in an almost linear fashion; yet in all cases, the largest
end, we avoided X groups possessing transition metals and component of the EFG tensor orients bisecting the apgho
focused instead on the lighter perchlorate anions, conducting90° tensor reorientations such as those observed in the Re NMR
the calculations using both restricted Hartré@ck and hybrid experiments could therefore result from this type of distortion.
density functional methods as a function of departures from an  The main implication of these calculations is that the rhenium
ideal tetrahedral symmetry. The orientations and magnitudessite in AsPhReQ is probably not characterized ISy symmetry.
predicted by calculations for théCl EFG tensors of the Further EFG calculations on perchlorate groups reveal that upon
crystallographically characterized perchlorate anions in@Rh departing from this type of symmetry, both the magnitudes and
and SbPHCIO, are pictured in Figures 11A,B. On performing the orientations of this tensor’s principal components become
such calculations, we considered that chlorine atoms in thesevery sensitive to the arrangement of oxygen atoms about the
salts occupy sites d& symmetry, implying that their anionic  chlorine. In fact, even minor deviations in one of the OlI—0O
structures can be specified by one-@ bond length and two  bond angles (panels C vs D of Figure 11) can bring abofit 90
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Figure 11. (A and B) RHF/6-311G*®°C| EFG tensor orientations and quadrupolar parameters calculated for ti@l®Pand SbPCIO, structures.

The points in panel B reflect calculations based on tf&ssymmetry anions witl(CI—0) fixed at 1.4 A and &CI nuclear quadrupole moment

of —0.083 barn, assuming solely a change in ghangle. In all cases, anq resulted 0. Panels C and D show the differing EFG orientations
predicted by ab initio calculations for perchlorate geometries based on a @wsymmetry ((CI—0O) = 1.344 and 1.404 A for the two pairs of
oxygen, respectively). Subtle changes in geometry can then result in different EFG tensor orientations while yielding relatively constasiaguadrup
parameters:Qgh = —2.70 MHz andiq = 0.6 in panel Ce’Qg/h = +2.70 MHz andy;q = 0.2 in panel D.

reorientations of the EFG tensors while leaving the actual first- and second-order quadrupole effects in these experiments.
quadrupolar coupling parametes3qQ/h and 7q relatively From a chemical standpoint, it seems plausible that the advent
constant. These are the kind of variations that had to be invokedof such new methods of NMR analysis will reveal a more
for analyzing thé'8518Re dynamic NMR data, suggesting that dynamic nature for inorganic compounds and materials than was
in fact mutual physical exchanges of perrhenate groups by 90 hitherto assumed, perhaps even akin to that which NMR has
need not necessarily be happening in the solid. It is sufficient revealed for organic or biological solids.

to assume minor thermally activated distortions in groups that
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