7958 J. Phys. Chem. A999,103,7958-7971

Variable-Temperature 8Rb Magic-Angle Spinning NMR Spectroscopy of Inorganic
Rubidium Salts

Jorgen Skibsted and Hans J. Jakobsen*

Instrument Centre for Solid-State NMR Spectroscopy, Department of Chemistogrsityi of Aarhus,
DK-8000 Aarhus C, Denmark

Receied: April 20, 1999; In Final Form: August 6, 1999

Temperature dependencies of figb quadrupole coupling constang, asymmetry parametergd), and

isotropic chemical shiftsd(s,) have been observed and determined for RbCl, RaRD,SO,, and RbNQ

from variable-temperature (VEYRb magic-angle spinning (MAS) NMR spectra for the temperature range
from about—100 to+165°C. VT &Rb multiple-quantum MAS NMR spectra of the trigonal form for RbNO

have assisted the retrival 6%, 7o, anddis, for the three Rb sites of this phase. The results demonstrate that
Co(®Rb) anddiso(8’Rb) are highly temperature-dependent for all samples over the studied temperature range.
Linear correlations ofis, with temperature, corresponding to temperature coefficients in the ra@@d 4 to

—0.036 ppmiC (i.e., increasing shielding with increasing temperature), are observed for all samples. An
exception is the Rb(2) site in RBO, for which a small linear decrease in shielding is observed with increasing
temperature. For RbCland RRSO, the threeCo(87Rb) values decrease linearly with negative temperature
coefficients in the range-7.0 to —1.6 kHzFC. Linear correlations are observed for the tywgvalues for

R, SO, while o decreases parabolically with increasing temperature for Rb@lae Cq andnq parameters

for RbNG; exhibit nonmonotonic variations with temperature. These variations are ascribed to an increase in
molecular motions (displacements/reorientations) for the; N@ups with temperature. For RbGIARb,-

SO, and RbNQ the dependencies of the principal elements of the quadrupole tensors on temperature are
evaluated and relationships between these dependencies and variations of structural parameters associated
with thermal expansion of the unit cells are discussed. The observed dependencigs;ef &d diso ONn
temperature may account for the generally minor discrepancies in these parameters reported in the literature
for RbCIO,, RSOy, and RbNQ@ from NMR experiments at ambient temperatures.

Introduction RbNO; has been extensively employed in dynamic-angle

High-resolution solid-state NMR spectroscopy of half-integer splnnigng(DAS) NMR™ and multiple-quantum (MQ) MAS
spin quadrupolar nuclei has become an important tool in the NMR to demonstrate the removal of the second-order
structural characterization of inorganic compounds, of metal duadrupole line shape for the three distinct Rb sites in RbNO
complexes, and for a wide variety of technologically important N 0ne dimension of the 2D NMR spectra. The second dimension
materials including molecular sieves, cements, ceramics, miner-Of these spectra displays separate second-order quadrupolar line
als, glasses, and catalysts. This is mainly due to the introductionshapes for the three sites, which allow a determination of the
of a number of improved and different sample-spinning and duadrupole coupling parameter€q and 7q). However, a
rf-pulse techniques in recent years. These greatly aid in the comparison of the reported values 8, 7o, and the isotropic
exploitation of the quadrupolar interaction, which strongly chemical shifts ¢iso) for the rubidium salts shows some
depends on the local electronic structure and geometry at thediscrepancies that cannot be attributed to the particular experi-
nuclear site. In the development of these techniques, inorganicments and/or simulations.
rubidium salts such as RbCICRb,SOy, and RbNQ have often This work presents a variable-temperature (VIRb MAS
been chosen for the preliminary demonstrations of the experi- NMR study of RbCl, RbCIQ, RSO, and RbNQ over a
ments. For example, RbClGand RSO, have been used as  temperature range from aboutl00 to+165 °C. The results
model compounds for static-powdet, single-crystaf and demonstrate thalo, 170, anddis, for these compounds are highly
magic-angle spinning (MASP NMR methods in exploring the  temperature-dependent in this temperature range. Thus, the
combined effect of quadrupole coupling and chemical shielding variations observed for the parameters in the literature may at
anisotropy from#’Rb NMR spectra. Most recently, the eight |east partly be ascribed to slightly different sample temperatures
parameters required to characterize the effects of the twofor the different studies. Differences in sample temperatures for
interactions on®’Rb NMR spectra have been obtained for experiments performed at ambient temperature may, for ex-
RbCIQ, and RRSQ, from the more sophisticated and technically - ample, originate from the frictional heating induced by sample
demano_llng techniques of three-dimensional Qynam_lc-angle spinning! since sample temperatures up to approximately 60
correlation spectroscopy (DACSYand the two-dimensional  °C have been observed for large rotors at high spinning speeds.
(2D) switched-angle spinning (SAS) experiméRirthermore, 8Rb VT NMR has earlier been used in studies of the
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Figure 1. Linear correlations betwe€tRb isotropic chemical shifts
(diso) for RbCI and (a) temperaturd) and (b) the lattice constana)(

for the cubic unit cell at six different temperatures. The lattice constants
for RbCI are taken from ref 32, and the correspondiRg values at
these temperatures are calculated from eq 1.

ZnBr,,'8 the antiferroelectrie paraelectric phase transition for
RbSCN?® and of the second-order structural phase transition
(tetragonal-cubic) that occurs in the perovskite-type crystals
RbCaR?° and RK;-_yMnF3.21 Generally, these studies have
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Figure 2. 8Rb VT MAS NMR spectra (7.1 T) of the central transition
for RbCIO, obtained for the temperature range frer24.8 to+168.1
°C using a spinning speed of 646 0.1 kHz.

AsO, and RbHPQ;,, an anomalous increase @y(8’Rb) with
increasing temperature is observed and ascribed to result from
atomic motiong>16

The above-mentionedRb NMR studies have not considered
the temperature dependence for fiBb isotropic chemical
shifts. However, variations in isotropic chemical shifts with
temperature have earlier been investigated for several diamag-
netic inorganic solids, including!Br and 21 NMR of alkali
metal halideg? 295T| chemical shifts for thallium salt®, and
63Cu, 35Cl, 81Br, and*?"l chemical shifts for cuprous halidég.
In these studies the isotropic chemical shifts were observed to
vary linearly with temperature. A deshielding with increasing
temperature was observed for the anions and®%@m, while
the 83Cu chemical shielding increased with increasing temper-
ature for the cuprous halides. By means of a simple theory for
the chemical shielding, these temperature variations have been
related to lattice expansion and thermal-vibration-induced

investigated the temperature dependence of the quadrupolachanges of the overlap integrals for the bonding orbfttldore

interaction and/or the spirlattice relaxation time employing

87Rb single-crystal NMR. In most cases only a single, fixed,
and well-defined orientation of the crystal in the magnetic field
was investigated, utilizing the fact that the point symmetries of
the Rb sites in the crystals imply axially symmetric electric-
field gradient (EFG) tensors. From early investigations of the

recently, the strong temperature dependence of %Heb
chemical shift for Pb(Ng), has been investigated with the aim
of using this sample as a chemical shift thermometer in MAS
NMR studies?”

Experimental Section

temperature dependence of nuclear quadrupole resonance fre- samples of RbCI, RbCI§) RSO, and RbNQ@ were

quencies? it is predicted thatCqy decreases with increasing

purchased from Alfa Products and used without further purifica-

temperature for ionic solids, considering the effects from the tion. Since an irreversible phase transition may occur for RpNO
lattice expansion and the increase in amplitude of the thermal at 73°C 28 the sample of RbN®was recrystallized from an

vibrations. In agreement with this prediction, decreasifitp

aqueous solution at room temperature. The crystal structure and

quadrupole couplings with increasing temperatures are reportedphase purity of all rubidium samples were checked by powder

for the tetragonal form of RbCa#? and for the monoclinic phase
Il of RoNO,.23 However, for the paraelectric phases of RbH

X-ray diffraction prior to the NMR studie$’Rb MAS NMR
spectra were recorded on Varian INOVA-300 (7.1 T) and
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C,, (MHz) TABLE 1: ®Rb Quadrupole Coupling Constants Cq),
Q‘ Asymmetry Parameters {q), and Isotropic Chemical Shifts
3.8 4 (diso) for RbCIO 4 at Five Selected Temperatures
1 N\ (a)
3.6 T(°C) Co (MHZ) 7Q diso (PPM)
—24.8 3.704 0.203 —11.13
3.4 20.2 3.319 0.200 —12.95
1 83.3 2.875 0.181 —15.31
3.2 1 139.9 2.506 0.140 -17.20
30 ] 168.1 2.322 0.105 —18.25
. aEstimated error limits arec0.005 MHz for Cq, £0.005 for#q,
2.8 and £0.2 ppm fordis,, While the temperature is measured with an
1 ° accuracy oft1l °C.
2.6
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Figure 3. Graphs illustrating the temperature dependencie$’Rio versus temperature for RbCiGassuming a positive value for the

Co (a), 770 (b), anddis (c) in RbCIQ, over the temperature range from quadrupole coupling constant (i.e., thei_ element). The results_ from
—24.8 to+168.1°C. The straight lines (a and c) and the curve (b) the least-squares analysis of the data in parts a and b are given in eqs

correspond to the result from regression analyses given by e§s 3 © and 7, respectively.
for parts a-c, respectively.

thermomete?’ A slice of Pb(NQ), was packed below the
INOVA-400 (9.4 T) spectrometers using home-built narrow- Sample at the buttom of the rotor, and #iBb and®*’Pb MAS
bore 7 and 4 mm VT cross polarization (CP) MAS NMR probes, NMR spectra were recorded under identical conditions. For
respectively. Both probes employ dry drive gas at ambient SOme experiments, an additional slice of NajW@s packed at
temperature at the cone of drive jets and dry-+mild (N) gas the top of the rotor to allow for exact setting of the magic angle
that is split at the air bearings of the stator and the sample. Theby minimization of the line widths observed for the spinning
probes are capable of operating in the temperature range fromsidebands from th&Na satellite transitions.
approximately—150 to+250°C. Temperature regulationt(L Single-pulsé®’Rb experiments at 7.1 T (7 mm probe) were
°C) is performed using a home-built temperature contreller  performed employing pulse widths of& (RbCIQ, and RbNQ)
heater system based on a commercial microprocessor forand 4us (RbCI) foryBi/(27) = 47 kHz, spinning speeds of
temperature regulation. The temperature gradient over the rotor6—7 kHz, and relaxation delays 4 s (RbCIQ, and RbNQ)
volume is less than 2C. The actual sample temperature was and 4 s (RbCl). Phase-sensitifé(Rb MQMAS spectra for
determined using®Pb MAS NMR of Pb(NQ), as a NMR RbNG; (7.1 T) were obtained employing the basic two-pulse
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TABLE 3: Results of the Linear Regression Analysis for the
Temperature Dependencies of th&’Rb Quadrupole
Couplings and Isotropic Chemical Shifts X = AT + B) for

Rb,SO2

parameterX) slope A)° interscept B)®

Rb(1) Oiso —0.0136 41.98
7q (T < 60°C) 1.13x 10°3 0.936
7q (T > 60°C) —1.64x 1073 1.12
Co —6.50x 1073 2.79
Vadt —6.98x 1073 2.79
Vot 1.47x 1073 —0.09
V4 5.51x 1073 —2.70

Rb(2) Oiso 0.0072 15.87
/) 0.734x 1073 0.13
Cq (V) —1.55x% 1073 5.35
Viy —1.24x 1073 —2.33
Vi 2.79% 1073 -3.02

aThe analyses include data from kb MAS NMR spectra and
give linear correlation coefficient® > 0.98 in all cases. A positive
value forV,;is assumed in the calculation ¥, V,y, andV,. ° Slope
in units of ppm?C for dise, (°C)~* for 7q, and MHzfC for Cq, Vs Viy,
and V.. ¢ Interscept in units of ppm fodis, and in MHz for Cq, Vi,
andVy,. 4 The principal elements of the quadrupole tensor are defined
asVaz = Vo Vo = Vi, andViis = Vi, below 60°C and asVaz = Vi,
V2, = Vyy, and Vi1 = V, for temperatures above 6C.

speeds between 12.6 and 13.8 kHz, and a relaxation delay of 1
s. Isotropic chemical shifts are relative to a 1.0 M aqueous
solution of RbCI at 20°C. Simulations, least-squares fitting,
and numerical error analysis were performed on a SUN SPARC
5 workstation using the STARS solid-state NMR software
package, developed in our laboratbtyand presently available

as a part of the Varian VNMR software.
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Results and Discussion

Previous*’Rb NMR investigations of RbClQand RSO >
have shown tha’Rb in these salts possesses a small chemical
shielding anisotropy (CSA) with a spa®(= |011 — d33) Q
< 44 ppm? The®Rb VT MAS NMR spectra in this work are
recorded using high spinning speeds <6v, < 13 kHz) at
moderate magnetic fields (7.1 and 9.4 T) under which conditions
the CSA is efficiently averaged by MAS. Thus, the CSA
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Figure 5. 8Rb MAS NMR spectra (9.4 T) of the central transitions
for Rb, SO, obtained for the temperature range frer83.7 to+126.9

°C using a spinning speed of about 13 kHz.

TABLE 2: 8Rb Quadrupole Coupling Constants C

),
Asymmetry Parameters (o), and Isotropic Chemicaﬁ Shifts

(d1s0) for Rb,SO, at Five Selected Temperatures

interaction is not considered in the simulations. The results of
the 8Rb VT MAS NMR are discussed below in order of
increasing complexity for the experimental spectra.

RbCI. Rubidium chloride has a cubic structurénfam),2

Rb(1) Rb(2) implying that the®’Rb site in RbCI should not possess any

o ) ] quadrupole coupling. In agreement with this fact and earlier
T(C) CoMHz) 1o Oduolbpm) CoMHz) 1o dso(ppm) studiest®3the present’Rb MAS NMR spectra of RbCl display
_33'(7) 332 8'32 Z’fgf g'gi 8%‘25? %g'gg a single narrow resonance from tR&b central transition;

482 245 099 4140 527 0096 16.11 however, spinning sidebands are also observed over a spectral

87.7 2.22 0.96 40.84 5.22 0.066 16.50 range of about 150 kHz. These originate from the satellite
126.9 1.99 0.90 40.21 5.15 0.040 16.83 transitions forf’Rb sites, affected by point defects and/or strain

a Estimated error limits are-0.01 MHz for Co and+0.2 ppm for in the crystallites, similar to the observation for tHBr MAS

Oiso fOr both sites. For Rb(1) and Rb(2) the error limits feyare+0.01 _
and=0.005, respectively. The temperature is measured with an accuracy(not shown), covering a temperature range fre@8 to +168

of +1 °C.

sequencé? a 36-step phase cyctand a pulse width of 21.2

NMR spectrum of KB4 8Rb VT MAS NMR spectra of RbCl

°C, reveal the temperature dependencie&Qfe’Rb) shown in
Figure 1a. As seen from this graphs, decreases linearly with
increasing temperaturd), and a regression analysis gives

us (i.e., 360 liquid pulse) for both pulses. The spectra were
recorded with spinning speeds of-8 kHz, at; increment of

50 us, and a total of 128 increments. For each increment, 108
scans were typically acquired with a repetition delay of 0.5 s, with a correlation coefficienR = 0.99. Thermal expansion for
resulting in an experiment time of about 2 h. The single-pulse RbCl has earlier been investigated by X-ray diffraction for six
experiments at 9.4 T (4 mm probe) for 80, were obtained temperatures in the range&28 to +193 °C.32 Figure 1b
using a pulse width of s (yBi/(27) = 58 kHz), spinning illustrates that calculatedls, values (from eq 1) correlate with

., = (—0.0361 pprfiC)T + 130.09 ppm (1)
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Figure 6. Temperature dependencies for #gb isotropic chemical shifts (a, b), quadrupole coupling constants (c, d), and asymmetry parameters
(e, f) for RSO, over the temperature range fror83.7 t0+126.9°C. The plots in parts a, ¢, and e correspond to the Rb(1) site and those in parts

b, d, and f to Rb(2). The results of the linear regression analyses are illustrated by the straight lines, and the corresponding regressioreequations a
summarized in Table 3.

the lattice constantaj of the cubic unit cef? for these 8’Rb in RbCI (eq 1). From the model of Ngai and the observed
temperatures according to temperature dependence®y, it also seems plausible that,
should exhibit a correlation with the lattice constant of the unit
0o = (—141.1 ppm/Ap + 1061.19 ppm R=0.99) (2) cell as actually also observed in Figure 1b.

RbCIO,4. 8Rb VT MAS NMR spectra illustrating the central
transition for RbCIQ over a temperature range from25 to
+168°C are shown in Figure 2. The spectra are obtained using
a spinning speed of about 6.0 kHz, which allows observation
of the centerband from the central transition without overlap

The observation of a linear dependencé;gf with temperature

is in agreement with earlier VT studies of the chemical shift
for the cations?95T| and %3Cu in thallium salts and cuprous
halides, respectivel§2-26 Using simple theory for the chemical
shielding of a nucleus and considering only its nearest-neighbor . - .
ions, Nga#* has calculated the effect from the temperature from the flrst-orde_r spinning sidebands for temper_at_ures above
dependence of the mean overlap integral for the bonding orbitals20 “C- From the line shape of the centerbands, it is apparent
and found that the contribution from thermal vibrational motions that the®’Rb quadrupole coupling constant decreases signifi-
to dd/dT is opposite in sign to the dilatation effect caused by Ccantly while the asymmetry parameter decreases slightly with
lattice expansion. According to this model, increased shielding increasing temperature. Evidence for a decreas€qft’Rb)

with increasing temperature may be observed in cases wherewith an increase in temperature has earlier been obtained from
the dilatation effect dominates over the contribution from frictional heating caused by MASLeast-squares fitting of
thermal vibrational motions as observed experimentally for simulated line shapes to the experimental line shapes for the
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Figure 7. Plots of the principal elements of the quadrupole tensor as a function of temperature for the Rb(1) (a, c, €) and Rb(2) (b,#@).in Rb

The Vi elements for Rb(1) are defined ¥g; = V5 Vo2 = Viy, andVis = Vi for T < 60 °C and asVaz = Vi, Voo = Vyy, andVyp = Vy for T >

60 °C. The results from a linear regression analysis are illustrated by the straight lines, and the corresponding regression equations are summarized
in Table 3.

centerband and first-order spinning sidebands, observed for 20with R = 0.995. Quadrupole coupling parameters in the range
8Rb MAS spectra over the temperature range fre@5 to 3.19 MHz = Cq =< 3.30 MHz and 0.1 7q =< 0.21 have earlier
+168°C, reveal theCq, 170, anddis, values shown as a function  been reported for RbClIOfrom 8Rb NMR at ambient
of temperature in Figure 3& and given in Table 1 for five  temperature$:#8 By use of the temperature dependenc€gf

selected temperatures. A linear correlation betw€gnand (eq 3) as a thermometer, this rangeGef values corresponds

temperature given by to sample temperatures from 24 to 4D. Temperatures in this
range can occur as a result of frictional heating induced by the

Co=(=7.04x 10 MHz/°C)T + 3.47 MHz sample spinninyf and/or by the heat generated by excessive

(R=0.997) (3) current in the room-temperature shim coils. Thus, slight
variations in the sample temperatures may account for the
is obtained from the data in Figure 3a. Figure 3b displays a deviations in quadrupole couplings reported for Rb£IO

monotoni_c decrease afy with increasing temperature, which A linear correlation betweemn;s, and temperature is also
may be fitted to a second-order polynomial according to observed for RbCIQ(Figure 3c). Regression analysis gives
o= (—2.80x 10 °°C 4T — S0 = (—0.0365 pprrfC)T + 12.18 ppm

(7.21x 10 °°C YT + 0.204 (4) (R=0.998) (5)
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Figure 8. Contour plots of’/Rb MOMAS NMR spectra (7.1 T) of RbNg£at —30.6 and 114.9C, obtained using spinning speeds of 6.1 and 6.6
kHz, respectively, and shown on identical scales inkRh@ndF, dimensions. The scales for both dimensions are referenced to a 1.0 M aqueous
solution of RbCI at 20C. The projections onto the isotropiE;j dimension correspond to summations over the 2D spectra, whifERheMAS
NMR spectra, obtained at the same temperatures, are shown at the top of the 2D plots. The asterisk in the spectrum re80r6l&d atdicates
a spinning sideband originating from the resonance for Rb(2§§t= —39.3 ppm.

TABLE 4: 8Rb Quadrupole Coupling Constants Cq), Asymmetry Parameters o), and Isotropic Chemical Shifts @so) for the
Three Rb Sites in Trigonal RbNO; at Selected Temperatured

Rb(1) Rb(2) Rb(3)
T(°C) Cq(MH2) 7Q Oiso(PPM) Cq(MH2) 7Q Jiso(PPM) Co(MH2) 7Q Oiso(PPM)
-101.7 2.60 0.34 —30.41 2.29 0.72 —24.45 2.37 0.30 —24.22
~48.4 2.28 0.40 ~30.99 2.15 0.86 ~26.09 2.13 0.22 ~25.38
—30.6 2.18 0.41 —31.23 2.11 0.90 —26.79 2.07 0.20 —25.93
0.3 1.96 0.46 ~31.65 2.02 0.97 ~27.88 1.88 0.15 ~26.89
10.6 1.88 0.47 —31.78 2.01 0.96 —28.24 1.84 0.16 -27.18
29.3 1.77 0.54 —32.03 2.01 0.90 —28.90 1.72 0.19 —27.59
38.1 1.72 0.56 —32.10 2.02 0.87 —28.99 1.69 0.22 —27.72
46.4 1.67 0.58 —32.16 2.03 0.85 —29.32 1.64 0.25 -27.91
55.1 1.64 0.58 —32.25 2.04 0.82 —29.43 1.59 0.30 -28.17
93.6 1.44 0.67 ~32.97 2.10 0.77 —30.70 1.37 0.63 ~29.07
114.9 1.37 0.72 —33.37 2.12 0.76 —30.89 1.29 0.75 —29.49
137.8 1.27 0.80 —33.74 2.13 0.76 —31.17 1.21 0.88 —30.19
149.7 1.22 0.84 —34.17 2.15 0.76 —31.47 1.18 0.90 -30.73

aTentative assignment of the quadrupole coupling parameters to the three structural sites given in ref 28 (see text). Estimated err@dimits for
are40.01 MHz for Rb(1) and Rb(3) antt0.02 MHz for Rb(2). Forq anddiso the error limits are estimated t50.02 andt-0.3 ppm for all sites.
The temperature is measured with an accuracy:-dfC.

The increase in shielding with increasing temperature (i®., d to a second-order polynomial corresponding to the equation
dT < 0) is almost identical for RbCl9and RbCI (eq 1). This

indicates that lattice expansion also has a dominating influencey = (—6.53x 10 ® MHz °C 3T? + (3.21 x

on dY/dT for RbCIO;. > s -

A more appropriate approach for evaluation of the temper- 10 "MHz °C )T - 1.39 MHz (7)
ature dependencies G andrq is through calculation of the
principal elements for the quadrupole coupling tensor. In units
of MHz these are given by,, = Cq, Vyy = (Y/2)Cq(nq — 1),
andVyx = (—2)Cq(n7q + 1) using the conventiofV,] = Vi

with R=0.998. RbCIQ has an orthorhombic crystal structure
(Pnm3g?3® with the Rb atoms situated in a mirror plane. From a
87Rb single-crystal NMR study of RbClCat ambient temper-

3t 7]
> |Viyl. Assuming a positive value for the principal element of alures itis known that thevy, element of thé’Rb quadrupole
the EFG tensor \(,), these relations give the temperature coupling tensor is perpendicular to the mirror plane and parallel
dependencies oV, and Vy illustrated in Figure 4a and b, O the crystallographit axis, while theVy, andV;, elements
respectively (Figure 3a shows the variation with temperature &'€ in the mirror plane rotated 27elative to thea andc axes.

for V). Figure 4a reveals a linear correlation betwagpand It is note_worthy that the _qL_Jadr_upoIe coupling tensor element
temperature according to (Vyy), which does not exhibit a linear temperature dependence,

is situated as one of the two elements in the mirror plane.
5 . In agreement with earlier experimental rest¥£s for 8’Rb
Vi = (4.84x 10 “MHz/°C)T — 2.10 MHz in RbCak and RbNQ, we observe a decrease in quadrupole
(R=0.999) (6) coupling with increasing temperature, which may result from
lattice dilatation and an increase in amplitude of thermal
while the variation foivy, with temperature may be correlated vibrations according to theoretical consideratidhslthough,
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Figure 10. Anisotropic projections frofi’/Rb MQMAS NMR spectra
(7.1 T, v, = 6.1-6.7 kHz) of RbNQ for the Rb(1) site at selected
temperatures in the range from30.6 to +137.8 °C (left column)
137.8°C obtained by summation over the resonance for the Rb(1) site in the 2D
40 -

ﬁ
ﬁ

= i > . . - spectra. The right-hand column of spectra illustrate optimized simula-
45 50 -55 -60  -65 (ppm) tions of the experimental quadrupolar line shapes for Rb(1). The

Figure 9. Isotropic projections fror’Rb MQMAS NMR spectra (7.1 corresponding parameters for this site are listed in Table 4.
T, v = 6.1-6.7 kHz) of RbNQ at selected temperatures in the range  TABLE 5: Results of the Linear Regression Analysis for the
from —30.6 to+137.8°C. The spectra are obtained as summations Temperature Dependencies of thé’Rb Isotropic Chemical
over the resonances in the 2D spectra and are referenced to a 1.0 Mghifts (95, = AT + B) for Trigonal RbNO 32

aqueous solution of RbCl at Z&. The asterisk indicates a spinning

. L _ lope &) interscept B)
sideband originating from the resonance for Rb(2 = —39.3 slop
Sideband originating e (ppmrC) (ppm) R
Rb(1) —0.0142 —31.67 0.991
VT cr llographic investigation has n nr r for Rb(2) —0.0290 —27.70 0.992
a crystallographic investigation has not been reported fo Rb(3) 00249 5676 0.998

RbCIQy, the effect of lattice dilatation has been examined for
RbCIQ, by calculation of the electric-field gradient (EFG) tensor 2 The analyses include data obtained from simulation of &3
elements using a point-charge mogfalvhich should be a valid L\/IAS NMR spectra covering a temperature range frot©1.7 to 149.7
approximation for an ionic crystal. The calculations consider

only the 12 nearest oxygen atoms surrounding the Rin, ) . .
employ ideal oxygen charges, and assume that the fractional'nﬂuence) .and/or the thermal expansion Of. the .c.rystals. 'S
coordinates for RbCIQ(obtained from XRD at room temper- accom_panled by a rearrangement_ of the atomic positions within
atureys are temperature-independent. For an isotropic thermal the unit cell (e.g., such as a rotation of the ¢I@ns). Thus,
expansion (i.e., the three crystallographic axes increase linearly2Ur results proposes the performance of a VT X-ray investigation
with identical temperature coefficients) these calculations show f0r RDCIQs in order to gain further information about the lattice

a linear decrease i€o with increasing temperature and a dilatation and the atomic rearrangements with temperature.
constant asymmetry parameter, corresponding to an identical Rb2SO4. Selected’Rb VT MAS NMR spectra of the central
value for |dV;/dT]| for the three principal elements. A linear transitions for RESQ, covering the temperature range frer34
decrease of the numerical values for the three principal elementsto +127 °C are shown in Figure 5. The spectra exhibit two
is also obtained in cases of anisotropic thermal expansion wherecenterband resonances with an intensity ratio of 1:1, in agree-
the crystallographic axes increase linearly with temperature butment with previous®’Rb NMR studie$®5 and the reported
with different temperature coefficients. These types of expansion crystal structure from single-crystal X-ray diffractiéhin our

also result in linear relationships betwegg and the temper- recent8’Rb single-crystal NMR study of RBO,,2 the reso-
ature. Comparison of the calculations and the experimental nances corresponding to the small and large quadrupole coupling
results for RbCIQ (Figures 3 and 4) indicates that lattice were assigned to the structural Rb(1) and Rb(2) Sites,
dilatation alone cannot account for the temperature dependenciesespectively. From the VT MAS spectra in Figure 5, it is
of the V; elements (e.g., thermal vibrations have a marked apparent that theCy values for both sites decrease with
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Figure 11. 8Rb MAS NMR spectra (left column) and simulations
(right column) of the central transition for RobN@t selected temper-
atures in the range from101.7 to+164.5°C. The experimental spectra

-40 -50 -60

are obtained at 7.1 T using spinning speeds in the range from 5.6 to

6.8 kHz. The spectrum at 164°€ shows a single sharp resonance for
the cubic phase of RbNO(see text), while the spectra at lower
temperatures correspond to the trigonal phase of RbNfe simula-
tions employed the optimized4nq, anddis, parameters for the three
Rb sites in the trigonal phase of Rbhl@sted in Table 4.

increasing temperature and thg decrease slightly for Rb(2)
with increasing temperature. Simulations of the centerband line
shapes, observed in £8Rb MAS NMR spectra, result in the
Ca, 70, anddiso values for the two Rb sites shown as a function
of temperature in Figure 6 and given in Table 2 for the spectra
in Figure 5.

A linear correlation betweedis, and temperature is observed
for Rb(1) and correspond to an increase in shielding with

increasing temperature. The numerical value of the temperature

coefficient fordiso (cf. Table 3) is somewhat smaller than the
values observed for RbCl and RbGI(egs 1 and 5). For Rb-
(2), in contrastpiso changes only by 1.2 ppm over the studied
temperature range and exhibits a linear correlation with tem-
perature corresponding to a deshielding with increasing tem-
perature. According to the theoretical work of N@aithis
significant difference in temperature dependencégffor Rb-

(1) and Rb(2) may reflect lattice dilatation @R, dominating
over the contribution from thermal vibrational motions for Rb-
(1), while the opposite holds for Rb(2). Further information

Skibsted and Jakobsen

calc

330
(ppm)

-35

(a)

-50
-55
-60

-65
exp

70 e e

70 65 -60 -55 -50 -45 -40 -35

‘r 6 iso

“J(ppm)

(ppm)

-327

3 T (0

r

36 T T

-150  -100  -50 0 50 100 150

Figure 12. (a) Correlation between calculate&g@ and experimen-

tal (035) isotropic 3Q shifts for RbN® obtained from 12%Rb
MQMAS NMR spectra (7.1 T) in the temperature range fre180.6

to +137.8°C. The calculated 3Q shifts are obtained using eq 8 and
the Cq, 179, anddiso values for RbN@ listed in Table 4. The straight

line corresponds to a 1:1 correlation. (b) Temperature dependencies of
the®Rb isotropic chemical shifts for the three Rb sites in RBN@er

a temperature range from101.7 to+149.7°C. The results from linear
regression analysis are illustrated by the straight lines, and the
corresponding regression equations are summarized in Table 5. In parts
a and b the diamonds correspond to the Rb(1) site, solid triangles to
Rb(2), and open circles to the Rb(3) site.

about the relationship of these temperature dependencies and
lattice dilatation calls for a VT crystallographic investigation
on RBSO,.

Linear relationships betweefqg and the temperature is
observed for both sites (Figure 6¢ and d) where the result from
regression analysis (Table 3) reveals a factor of 4 larger
temperature coefficient for Rb(1) compared to Rb(2). The
temperature coefficient for Rb(1) is similar to the value
determined for RbCI@(eq 3). The asymmetry parameter for
Rb(2) decreases linearly with the temperature over the studied
temperature range (Figure 6f), whijg increases for Rb(1) with
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TABLE 6: Results of the Least-Squares Analysis for the Temperature Dependencies of the Principal Elements of thé&Rb
Quadrupole Coupling Tensors for Trigonal RoNOz; Employing Up to Fourth-Order Polynomials (Vi = a4T* + agT® + a,T2 +
T + ag)?

asx 10710 asx 1078 a, x 10°° a1 x 1073 a
MHz (°C)* MHz (°C)~3 MHz (°C)~2 MHz (°C)™? MHz
Rb(1) V22(Co) —5.62 1.99
Vyy —0.292 3.27 —0.52
Vi —0.396 2.72 —1.44
Rb(2) Vi —5.43 10.5 1.32 —3.16 1.99
2 2.40 —-7.25 —0.731 3.54 0.01
Vi 2.96 —-3.13 —-0.571 —-0.371 —2.00
Rb(3) Vy2(Co) —5.03 1.88
Vyy —-15.9 6.74 4.26 2.33 —0.80
Vix 13.2 -10.3 —3.53 3.06 -1.10

2The analyses include data from simulations offZ8b MAS NMR spectra covering a temperature range froi©1.7 to 149.7C. A positive
value forCq is assumed in the calculation ®f« and Vy, for Rb(1) and Rb(3)" The principal elements of the quadrupole tensor for Rb(2) are
defined asvas = V,, (=Cq), V22 = Vyy, andViy = Vy for temperatures below2 °C and asVaz = Vxy, Vo2 = Vyy, andVis = V,, (=Cq) for T > —2
°C. A positive value ofCq for T < —2 °C is assumed.

increasing temperature in the rang80 to+60 °C (Figure 6e). (cf. Figure 9) are found to decrease almost linearly with
In contrast, a linear decreasegf with increasing temperature  increasing temperature. Valuable parametersder 7o, and

is observed for Rb(1) above 6@, which demonstrates that  ¢;s, are obtained from the MQMAS spectra from simulation of
the principal elements of the quadrupole coupling tensor must partial summations over the individual resonances in the

be redefined at 60C according to our definition|¥z1 = Vi anisotropic F,) dimension using second-order quadrupolar line
= |Vyl). This corresponds to a sign reversal &g andVyy at shapes. A tentative assignment of the quadrupole coupling
60 °C. To account for this, we introduce the definitidfy = parameters to the three different Rb sites has been obtained from

Vio Vo2 = Vyy, andVsz = V for the principal elements below  hoint-charge calculatiod® using the structural data reported
60 °C andVi1 = V73 V22 = iy, andVaz =Vxx for temperatures  from single-crystal X-ray diffraction at 23 and 99C.28

above 60°C. Tfh(?1 rgdgfir:jitio? rgsqltsl in the tempelrature lllustrative F, summations over the resonance for the Rb(1) site
dﬁpenQerllzgles O7t N 'r;d'vék?i p”rr:'(l:lpti EFG tenso(;.eemtlents in the MQMAS spectra are shown in Figure 10 along with
?orOQ//V n |\r} '%unrgv a,fcc;(re ROt: @) (ar)é V;/hlo?/vn ?ncgr?igo?b '3% vzllues optimized simulated quadrupolar line shapes. From these spectra
Lz LY X 4 9 o it is apparent that a significant reduction@y and an increase
principal quadrupole coupling tensor elements exhibit linear in occur for Rb(1) with increasing temperature. The
correlations with temperature, and the results from a regression 9 . g temp :
analyses are summarized in Table 3. The temperature Coef_a_lgreement between the e_xperlment_al and simulated quadrupolar
ficients for Va3 and Va; for Rb(1) are very similar to the line shapes for Rb(1) (Figure 10) is somewhat lower for the
spectra at lowest temperatures, which may reflect the fact that

corresponding values fov,, (Cg) and Vy for RbCIO;, (eqs 3 __ - )
and 6), whereas somewhat smaller numerical values for the the €xcitatior-conversion of 3Q coherences in MQMAS NMR

coefficients forV,, (Cg) and Vi for Rb(2) in RSO, are _depend_s strongly upon the magnitude of the quadrupolar
observed. The linear relationships between the princigal  interaction?®<° Especially strong quadrupolar couplings com-
elements and temperature may indicate that the effect from bined with relatively low rf field strengths (i.eyB./(27) = 47
lattice dilatation on the EFG tensors dominates the contribution kHz for our 7 mm VT CP-MAS probe) may result in nonideal
from thermal vibrations for RISO;. excitation—conversion profiles and thereby distorted second-
RbNOs. At ambient temperature and pressure, RBN® order quadrupolar line shapes in tie dimension of the
trigonal (space group3;) and contains three Rb sites in the MQMAS spectra.
asymmetric unit® When heated, RbNgransforms at 164C To improve the precision oo, 770, anddis, for the three Rb
to a cubic CsCl-type structure with a unique Rb &it&he three  sites, the data obtained from the MQMAS spectra have been
Rb sites for the trigonal form possess similar magnitudes for refined by simulation of single-pulse MAS NMR spectra
their quadrupolar interactions and isotropic chemical shifts. recorded at the same temperatures. Furthermore, 11 additional
Thus, this phase is most often chosen as a suitable test samplgjas NMR spectra have been included in the analysis, resulting
to demonstrate the performance of new 2D experiments, as fori, g total of 23 spectra covering the temperature range from
example DAS and MQMAGS; 3 for quadrupolar nuclei. —101.7 to+163.5°C. Selected’Rb MAS NMR spectra over
Single-pulse MAS NMR spectra (7.1 T) of the central this temperature range are shown in Figure 11 along with the
transitions for trigonal RbN@ reveal heavily overlapping optimized simulations for which th€o, 5, anddiso parameters

quadrupolar line shapes from the three Rb sites and thereby, o s,ummarized in Table 4. The spectrum at 16€ Blisplays

prevent a straightforward determination of the quadrupolar a sin ; : : : :
h gle sharp resonance with the isotropic chemical shit
coupling parameters. Thus, standard two-pulse MQMAS NMR _ —33.2+ 0.2 ppm, which agrees with the occurrence of a

2,29 i i
SpeCtré‘. have been recorded in order' to unambiguously phase transformation from the trigonal to the cubic phase at
determineCq, 170, anddis, for the three Rb sites. Contour plots 164 °C 39

of the8’Rb MQMAS NMR spectra at-30.6 and 114.9C are - o
shown in Figure 8 and indicate significant change<€i 77, An independent test of the reliability of tH@,, 7o, anddiso
anddis, for the three sites at these temperatures. This is apparent/alues, obtained from the refined simulations of #Rb MAS

from the width of the contours in thi, dimension and from  NMR spectra, may be achieved by a comparison of experimental
the isotropic triple-quantum (3Q) shifté4o) observed in the and calculated isotropic 3Q shifts for the MQMAS experiments.
F; dimension. From 127Rb MQMAS spectra, covering the  For anl = 3/, nulceus, the isotropic 3Q shifeﬁi‘é") is given by
temperature range 30.6 to+137.8°C, the isotropic 3Q shifts  the equatiof?2°
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Figure 13. Temperature dependencies of iRb Cq and#q values for t

—101.7 to+149.7. The results from regression analysis using up to fourth-order polynomials are illustrated by the solid curves. Linear regression

he three Rb sites in trigonal RbiN@ver the temperature range from

analysis is employed for th€q values of the Rb(1) and Rb(2) sites, and the resulting equations are summarized in Table 6.

P

1 Co'(1 +no713)
8 55— X

> > 10°

62?56: iso (8)
YL
wherey_ is the Larmor frequency. This comparison is illustrated
in Figure 12a where calculated isotropic 3Q shifts for the three
Rb sites are shown as a function of the experimental values
(630) from the 12 MQMAS spectra covering the temperature
range —30.6 to +137.8 °C. The straight line in Figure 12a
indicates the 1:1 correlation betweedfs’ and 659, and
calculation of the mean deviation betwef° andosy for the
three Rb sites at the 12 different temperatures gives the value
0.29 ppm. Thus, the refine@g, 7o, anddiso values from the
8Rb MAS NMR spectra are in excellent agreement with the
experimental 3Q shifts, observed in tHiRb MQMAS spectra.
The overall best agreement of t8g, 7q, anddis, parameters
for RoNG; determined in this work with those reported earlier
from 8’Rb DAS and MQMAS NMR spectréa?12 obtained at

Massiot et al? from a8’Rb MQMAS NMR study at 7.1 T when
compared to the present values at 3&1in Table 4. However,
neither of the reported sets of data agree exactly with our
parameters for a specific temperature in the range500°C.

Of the parameterLq, 79, and diso, We expect that the
guadrupole coupling constants are the most precisely determined
parameter, especially for Rb(1) and Rb(3), which possess the
smallest quadrupole couplings. Using g values for Rb(1)

and Rb(3) as thermometers gives sample temperatures of 38,
~15, and 45°C for the experiments reported in refs 12, 8, and
9, respectively, when the quadrupole couplings for Rb(1) and
Rb(3) in these studies are compared with those determined in
this work. Although care should be excercised in such a
comparison because of the error limits 06, these sample
temperatures may certainly occur in sample-spinning experi-
ments performed at ambient temperatures as a result of frictional
heating-cooling from Joule-Thompson expansion, or heating

ambient temperatures, is observed for the data reported byby the room-temperature shim coils. Thus, the deviations in
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Figure 14. Plots of the principal elements for the quadrupole coupling tensors as a function of temperature for the three Rb sites in trigonal
RbNG;. For Rb(1) and Rb(3) the elementsy, andVy are shown as a function of temperature, whereas for Rb(2) the eleMenis,, andVss are

shown because of the change in sign@yat —2 °C for this site. These elements are defined/gs= V,; Voo = Vyy, andVi; = Vi for T < —2

°C and asVaz = Vi, Vo2 = Vyy, andViy = Vy, for T > —2 °C. The results from regression analysis using up to fourth-order polynomials are
illustrated by the solid curves. The corresponding equations are summarized in Table 6.

quadrupole coupling parameters reported in the literature may Figure 13 illustrates the temperature dependencies of the
originate from minor variations in the actual temperatures of quadrupolar coupling parameters for the Rb sites in RHENO
the studied samples of RbNO which appear to be more complex than those observed for
The temperature dependencies of the isotropic chemical shiftsRbCIO; and RBSOs. For Rb(1) and Rb(3) linear correlations
for the three Rb sites in RbN@are illustrated in Figure 12b  betweenCq and temperature are observed with temperature
over the temperature rangel01.7 to+149.7°C. The variation coefficients (Table 6) similar to those for RbGlénd the Rb(1)
of diso With temperature can for all three sites best be site of RBSO,. In contrast, the quadrupole coupling constant
approximated by linear correlations, corresponding to an increasefor Rb(2) exhibits a nonmonotonic behavior over the studied
in shielding with increasing temperature. The results of the linear temperature range with a minimum value observed at about 20
regression analyses are summarized in Table 5. The Rb(1) site’C. Nonmonotonic temperature dependencies are also observed
exhibits the smallest temperature coefficientd(0142 ppm/ for the asymmetry parameters for Rb(2) and Rb(3), whije
°C) and Rb(2) the largest—0.0290 ppnf/C), i.e, values increases parabolically with increasing temperature for Rb(1).
between the temperature coefficients observed for the Rb(1) site Calculation of the principal elements of the quadrupole
of RSO, and the Rb sites of RbCl and RbClQAgain, the coupling tensors gives the dependencies\grand Vyy with
increase in shielding observed for all three sites in RpNOst temperature shown in Figure 14. The variation of these elements
likely reflects the effects from thermal expansion of the unit for Rb(2) indicates that the numerical value of ¥ig element
cell with increasing temperature. becomes larger thaW,, at —2 °C and thus that a change in
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sign of Cq occurs at this temperature. To account for this, we  Our results demonstrate that th&Rb quadrupole coupling

have introduced the definitiov1 = Vi, Vo2 = Vyy, andVaz = parameters and isotropic chemical shifts are highly temperature-
V. for the principal elements below?2 °C andVi1 = V, V2 dependent over the studied temperature range. Except for the
= Vyy, andVz3z =V, for temperatures above2 °C. Simulation Rb(2) site of RBSQy, the isotopic chemical shifts are observed

of the rather complex temperature dependencies of the principalto decrease linearly with increasing temperature with temper-
quadrupole tensor elements in Figure 14 requires the use ofature coefficients in the range0.014 to —0.036 ppmf7C.
fourth-order polynomials for Rb(2) and Rb(3), while thg, Linearly decreasing quadrupole coupling constants with increas-
and Vyy elements for Rb(1) may be simulated using second- ing temperatures have been observed for Rb{RD,SO4, and
order polynomials. The results from least-squares analysis ofthe Rb(1) and Rb(3) sites of RbNQvith temperature coef-
the data in Figure 14 and of ti@&, values for Rb(1) and Rb(3) ficients in the range-1.6 to—7.0 kHzFC. The linear relations
are summarized in Table 6. The quite unique variations of the between the principal elements of the quadrupole tensors for
individual quadrupole tensor elements with temperature hardly Rb,SO, and temperature may be related to lattice dilatation and
result from a isotropic thermal expansion of the unit cell for a linear increase of the lattice constants with increasing
trigonal RbNQ. temperature. However, the more complex relations between the

Pohl et al® have studied trigonal RbNgby single-crystal ~ quadrupole tensor elements for RbGl@nd RbNQ and
X-ray diffraction and reported the unit cell parameters at four temperature indicate that displacememtsorientations of the
temperatures in the range-2364°C and the complete crystal  ClO4~ and NQ™ ions also contribute to the observed variations
structures at 23 and €. The thermal expansion coefficients in 8Rb quadrupole coupling parameters.
for the a and ¢ axes of the trigonal unit cell are very similar,
and a plot ofa andc versus temperature shows that these lattice ~ Acknowledgment. The use of the facilities at the Instrument
constants increase parabolically with increasing temperature.Centre for Solid-State NMR Spectroscopy, University of Aarhus,
Furthermore, Pohl et &8 reported that an irreversible first-order ~ sponsored by the Danish Research Councils (SNF and STVF),
phase transition occurs at 78 on the basis of X-ray diffraction ~ Teknologistyrelsen, Carlsbergfondet, and Direktar Ib Henriksens
and DTA experiments. The form below ?& as well as the Fond, is acknowledged. We thank the Danish Natural Science
form in the temperature range from 73 to 18@ are both Research Council (SNF) and Carlsbergforndet for financial
trigonal with space group3;. Comparison of the structures at  support in the development of variable-temperature NMR
23 and 99°C shows that the phase transition is associated with equipment. M. Sc. Bjarke V. Schgnwandt is acknowledged for
displacementsreorientations of the almost planar N@roups help with some of the VT experiments.
and a 90 flip of one-third of the NQ groups.
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