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sidered to be negligible. I3C chemical shifts were referenced to the signal 
of the solvent, THF-d,, a-C = 67.4 ppm. 'H chemical shifts were ref- 
erenced to the residual solvent signal, THF-d,, a - H  = 3.58 ppm. Deu- 
terium lock on THF-I, was obtained by using the upfield (fl-D) signal 
of the solvent. We found this to be more convenient than using the a-D 
signal since the 8-deuterium resonance line appears to be generally 
sharper. This is beneficial for the shimming procedure. 

All 2D NMR spectra were recorded in the phasesensitive mode (pure 
absorption quadrature detection infi by the method described by States 
et al.69). Details of phase-sensitive 6Li,1H HOESY" and '33Cs,lH 
HOESY37 have been described elsewhere. Selected recording parameters 
of the individual spectra were as follows. 

For the spectrum in Figure 1 (6Li,lH HOESY of 8): 0.35 M solution 
in THF-$ (dissolved crystals of [6Li]lithium trityl with 2 equiv of Et20), 
26 "C, 5-mm sample tube; spectral widths: 400 (f2) and 3157 Hz cf,); 
512 data points in t2, 32 increments in t , ,  zero-filled to 128 data points, 
exponential line broadening in t2 ,  Gaussian apodization in t , ;  128 scans 
per t ,  increment, mixing time 2.0 s, interpulse delay 3.0 s, 12.8 h spec- 
trometer time. 

For the spectrum in Figure 2 (13'Cs,lH HOESY of 9): 1.2 M solution 
in THF-de (dissolved crystals of 9), 40 "C, 5-mm sample tube; spectral 
widths: 14006 cf2) and 364 Hz (f,); 512 data points in t2, 32 increments 
in t,, zerdilled to 128 data points, Gaussian apodization in tl and t2, 256 
scans per t ,  increment; mixing time 300 ms. A crude estimation of the 
spin lattice relaxation time, TI, of 13'Cs afforded TI  ~ i :  400 ms (achieved 
by null point determination in a single inversion recovery experiment, 
divided by In 2); interpulse delay 2.1 s, 11.0 h spectrometer time. 

For the spectrum in Figure 3 (6Li,lH HOESY of a mixture of 8 and 
9) :  Crystals of 8 (enriched with 6Li and with 2 equiv of Et20) and 
crystals of 9 dissolved in THF-ds, 1:1.5 molar ratio, 0.6 M in 8, 26 "C, 
10-mm sample tube, spectral widths: 400 (f2) and 3270 Hz (f,); 512 data 
points in t2, 64 increments in t , ,  zero-filled to 256 points; exponential line 

(69) States, D. J.; Haberkorn, R. A.; Ruben, D. J. J .  Magn. Reson. 1982, 
48, 286. 

broadening in t2 ,  Gaussian apodization in 1,; mixing time 2.0 s, interpulse 
delay 3.2 s, 13.3 h spectrometer time. 

For the spectrum in Figure 4 (I3'Cs,lH HOESY of a mixture of 8 and 
9): Crystals of 8 (enriched with 6Li and with 2 equiv of Et20) and 
crystals of 9 dissolved in THF-18, 1.2: 1 molar ratio, 0.6 M in 8, 26 O C ,  

IO-" sample tube; spectral widths: 1600 cf2) and 3270 Hz (f,); 512 
data points in t2, 16 increments in t,, zero-filled to 128 points, Gaussian 
apodization in t ,  and t2, 640 scans per t ,  increment; mixing time 350 ms 
(an estimation afforded Tl('33Cs) = 370 ms; see explanation given above 
for Figure 2); interpulse delay 3.2 s, 21 h spectrometer time. 

For the spectrum in Figure 5 (IH,IH ROESY of a mixture of 8 and 
9) :  Crystals of 8 (enriched with 6Li and with 2 equiv of Et20) and 
crystals of 9 dissolved in THF-d,, 1:1.5 molar ratio, 0.6 M in 8, 20 "C; 
spectral width 3270 Hz; pulse sequence 90°-t,-(12.6-~s pulse-126-fis 
delay)72,-aquisitiondelay;70 2048 data points in t2, 128 increments in 
t,, zero-filled to 256 data points; 64 scans per t ,  increment, Gaussian 
apodization in t ,  and t2; spin lock time 1.0 s, interpulse delay 2.0 s, 4.6 
h spectrometer time. 

MNDO calculations were carried out on a CONVEX C220 computer 
using the  VAMP^ (vectorized AMPAC) program. All geometry optimiza- 
tions involved the keywords PRECISE (criteria for convergence to be 
increased by a factor of 10-100) or EF (eigenvector following). No 
symmetry constraints were imposed in any case. 
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Abstract: Five inorganic rubidium salts, RbCI, RbC104, Rb2S04,  Rb2Cr04, and RbNO,, were examined using 87Rb N M R  
spectroscopy. Significant line narrowing occurs under dynamic-angle spinning (DAS) compared to magic-angle spinning (MAS) 
or variable-angle spinning (VAS). From DAS spectra acquired at  various magnetic field strengths, isotropic chemical shifts 
and isotropic second-order quadrupolar shifts were obtained. By simulations of single-site line shapes obtained from MASdetected 
DAS experiments, complete chemical shift and quadrupolar parameters were determined for each of the three crystallographically 
distinct rubidium sites in RbNO,. 

Introduction 
Solid-state nuclear magnetic raonance ( N M R )  spectroscopy 

of the central  (-I/* - transition of half-odd-integer 
quadrupolar nuclei can yield information about the nuclear 
quadrupole interaction, which in turn can be correlated with the 
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structural  properties of a Typically, though, the 
spectral line from the central transition is broadened by the 
second-order anisotropic quadrupolar interaction, which cannot 
be averaged under magic-angle spinning (MAS) or variableangle 
spinning (VAS). Recent work has shown, however, that  dynam- 
ic-angle spinning (DAS) can average such broadening, producing 
narrow lines and  resolution of crystallographically distinct sites 
for 23Na, 170, and 27Al spectra of minerals, zeolites, and  other 
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inorganic  material^.^-^ In this paper, we extend our previous 
NMR investigations of half-odd-integer quadrupolar nuclei to 87Rb 
(I = 3/2). Alkali metals such as rubidium are important in a 
number of areas, serving as promoters in the heterogeneous ca- 
talysis of ammonia synthesis6 and the oxidative coupling of 
methane to yield ethane and ethene.7 Rubidium is an important 
component of some glasses,8 and recently, it has been shown that 
buckminsterfullerene, Cm, doped with Rb metal becomes su- 
perconducting with a transition temperature at 28 K.9 

In order to assess the applicability of dynamic-angle spinning 
NMR spectroscopy to rubidium and its potential to yield structural 
information about materials such as those listed above, we have 
obtained 87Rb MAS, VAS, and DAS spectra of five inorganic 
rubidium salts, RbC1, RbC104, Rb2S04, Rb2Cr04, and RbN03. 
We show that substantial narrowing of the spectral lines occurs 
in DAS compared to MAS or VAS. Using pure-phase MAS- 
detected DAS experiments together with single-site simulations 
and phase-modulated DAS experiments at several field strengths, 
we have extracted quadrupolar parameters for the various 87Rb 
sites in each compound. The static line shapes of all of these 
compounds have previously been studied by Cheng et al.1° in order 
to obtain values for quadrupolar and chemical shift parameters. 
Crystal structures for all of the compounds RbCl," RbC104,12 
Rb2Cr04,13 Rb2SO4,I4 and RbN0315J6 have also been previously 
determined and are used to identify the number of inequivalent 
sites in each compound. 
Experimental Section 

All rubidium compounds were obtained from Alfa Products, Morton 
Thiokol, Inc., or Aldrich Chemical Co. and used without further puri- 
fication. Experimental details of the DAS experiment have been reported 
previ~usly.~.~~*'* Spectra were acquired at  4.2 T (58.80 MHz), 7.0 T 
(98.55 MHz), 9.4 T (130.89 MHz), and 11.7 T (163.62 MHz) using the 
probe design described in ref 18 and the pulse sequences and rotor ori- 
entations shown in Figure 1 .3J7 The pulse sequences shown in Figure 
la,b were used to collect phase-modulated data sets, while the sequences 
in Figure lc,d gave phase-sensitive data sets and allowed t2 detection a t  
the magic angle. Phase-sensitive data were acquired using either 
TPP1,I9J0 in which the phase of the first pulse is shifted by u/2 in concert 
with t l ,  or the method of States et al.,21 in which data from two exper- 
iments with t l  modulations differing in phase by a /2  are combined. The 
two experiments required by the method of States et al. are in addition 
to the two experiments needed for the reconstruction of the second-order 
echo in DAS.17 Pure-phase t ,  projections from phase-modulated data sets 
were produced as detailed in ref 17. The pulse sequences used at  11.7 
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Figure 1. DAS pulse sequences used for these experiments: (a) phase- 
modulated DAS;3 (b) phase-modulated DAS with Hahn echo; (c) 
phase-sensitive DAS;17 (d) phase-sensitive DAS with Hahn echo. The 
spinner axis angles are indicated by the 0 curves between both types of 
sequences. 

T were modified by inserting a 7-u-7 sequence before the detection 
period with 7 equal to the inverse of the spinning speed (Figure lb,d). 
Detection of the resulting echo minimizes the effects of receiver ring- 
down. The *lBr signal in solid KBr was used as an internal standard for 
calibration of the magic angle. All spectra are referenced relative to 
aqueous 1 M RbN03 as an external frequency standard. Either 256 or 
5 12 complex points were acquired in t2, and between 128 and 5 12 real 
points, in t , .  Spectra were acquired with 1 .O s relaxation delays and u/2 
pulses selective for the central transition of approximately 5 ps (B ,  - 
20 G). Hopping times for the reorientation of the rotor axis as shown 
in Figure 1 were about 30 ms. Normal rotor-spinning speeds were be- 
tween 6.5 and 7.8 kHz. 

All VAS, MAS, and static spectra were acquired using a Hahn echo 
pulse sequence (u/2-.r-~-racquire). Tl measurements were made 
using an inversion-recovery sequence under MAS. T2 was measured 
using a Carr-Purcell sequence under MAS. Double-rotation (DOR) 
experiments were performed at  9.4 T as described p rev i~us ly~*~  in order 
to determine the DOR line width. 

Calculations. Calculations of quadrupolar shifts and parameters were 
performed using the field dependence of the isotropic shifts as described 
in ref 4. The total isotropic shift (ppm) in the F, dimension of a DAS 
experiment is given by 

doh = 6 p  + sf," (1) 

where is the isotropic chemical shift and 6:z is the isotropic sec- 
ond-order quadrupolar shift. The isotropic chemical shift in ppm is 
frequency independent, while the isotropic second-order quadrupolar shift 
in ppm for a spin I depends upon the Larmor frequency (vL):  

The quadrupolar coupling constant is defined by 
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Table I. Coefficients in the AnisotroDic Freuuencv Cosine ExDansion 

i j  ' iJ  i j  a, 
0 0 81(18 + q2)/1120 1 2 - 2 7 ~ 1 8  
0 1 9(18 + q2)/56 2 0 27q2/32 
0 2 9(18 + q2)/32 2 1 -9q2/8 
1 0 81q/56 2 2 9q2/32 
1 1 27q/14 

Table 11. Results from DAS Experiments at 9.4 and 11.7 T" 
89.4T ak7T ai:') CQ(1 + q2/3)'/2 

com@ ( P P h  (ppm) (ppm) ( M W  
RbCl 1 2 7 f 1  1 2 7 f 1  1 2 7 f 2  -0 
RbC104 -28 f 1 -23 f 1 -14 f 2 3.1 f 0.3 

2 9 f 1  3 4 f 1  4 2 f 2  3.0 f 0.3 
Rb2Cr0, -27 f 1 -21 f 1 - 1 1  f 2 3.3 f 0.3 

RbNO3 -32 f 1 -29 * 1 -24 f 2 2.4 f 0.4 
-36 f 1 -32 f 1 -25 * 2 2.8 f 0.4 
-37 f 1 -34 f 1 -29 * 2 2.4 f 0.4 

Rb2S04 -25 f 1 -10 f 1 16 f 2 5.3 f 0.2 

b b b b 

a The isotropic chemical shift and product of quadrupolar parameters 
were calculated using eq 4. bThis site was too broad for detection in 
the DAS and MAS experiments. 

The quantities eQ (1.3 X m2 for 87Rb), eq, q, and h have their usual 
definitions., Using eqs 1 and 2, we can calculate 61;') and the product 
C (1 + q 2 / 3 ) ' / 2  if we measure the total isotropic shift (aob) at two 
dijferent field strengths. In addition, if isotropic shifts are known for 
three or more field strengths, significant improvement in both the accu- 
racy and the precision of cQ(1 + 72/3)1/2 and ai:') may be achieved using 
a linear least squares analysis of the data with the following equation for 
87Rb: 

We cannot, however, determine the individual values of CQ and 9 using 
calculations; to do that, we must perform simulations. 

Single-site MAS spectra were obtained from the 
phase-sensitive MAS-detected DAS data set by extracting the individual 
columns in F2 which correspond to each peak in FI. As discussed in a 
previous publication," each of these slices through F2 corresponding to 
a narrow isotropic line in FI will be predominately made up of a single 
pure-absorption-phase MAS pattern with only minor contributions from 
additional sites due to overlap in the F, dimension. Simulation of the 
MAS line shape to obtain the quadrupolar parameters CQ and q is then 
straightforward, since the line shape depends only upon the fourth-order 
Legendre polynomial contribution to the second-order quadrupolar in- 
teraction. The single-site spectra are fit iteratively by combining a sim- 
plex algorithm, such as AMOEBA, described in ref 22, with a high-speed 
MAS simulation program. The MAS simulation program is based upon 
a fast simulation method described by Alderman et aLz3 called POWDER. 
Using a Stardent 750 computer, we can calculate over 1000 spectra in 
10 min, thereby facilitating rapid convergence of the simplex routine. 
The formula which describes the high-speed MAS frequencies as a 
function of orientation has been given by several  author^^.^^^^ and is given 
in eq 5.  The coefficients au are given in Table I. This formula may be 
used to generate an MAS line shape by performing a powder average 
over all orientations. 

Simulations. 

( 1 + - ; ) i :o j :o  cos (2ia) cos (2j& (5) 
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Figure 2. 87Rb VAS NMR spectra for (a) RbCl at 54.74', (b) RbC104 
at 54.74', (c) Rb2S04 at 79.19O, (d) Rb2Cr04 at 54.74', and (e) RbNO, 
at 54.74' with sweep widths indicated. 
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Figure 3. *'Rb DAS spectra for (a) RbC1, (b) RbClO,, (c) Rb2S04, (d) 
Rb2Cr04, and (e) RbNO, with sweep widths indicated. 

ReSults 
Figures 2 and 3 show VAS and DAS spectra of 87Rb at 11.7 

T in RbC1, RbC104, Rb2S04, Rb2Cr04, and RbN03. In all cases 
except for RbC1, there is narrowing by Over an order of magnitude 
in the high-resolution DAS dimension compared to the MAS 
spectra. Figure 4 shows the field-dependent shifts of the three 
lines in RbN03 upon performing DAS at 4.2, 7.0, 9.4, and 11.7 
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Figure 4. 87Rb DAS spectra of RbN0,  collected at (a) 11.7 T, (b) 9.4 
T, (c) 7.0 T, and (d) 4.2 T. 

Table 111. Results from Simulating Single-Site MAS/DAS Spectra 
at 11.7 T 

cQ(1 + ?72/3)"2 
compd 61:') (ppm) (MHz) CQ (MHz) 7 

RbNO3 -26.2 f 1.0 1.83 f 0.05 1.83 f 0.05 0.12 f 0.05 
-26.8 f 1.0 2.39 f 0.07 2.07 f 0.05 1.00 f 0.05 
-30.9 f 1.0 1.91 f 0.06 1.85 f 0.05 0.48 f 0.05 

RbC10, -16.2 f 1.0 3.21 f 0.05 3.20 f 0.05 0.10 f 0.05 

T. The total isotropic shift at both 9.4 and 11.7 T, the isotropic 
chemical shift, and the product CQ( 1 + v2/3)'I2 calculated from 
the DAS spectra of the five salts at 9.4 and 1 1.7 T are tabulated 
in Table 11. Figure 5 shows powder pattern cross sections through 
the F2 dimension of a pure-phase MAS-detected 87Rb DAS 
spectrum a t  11.7 T of RbN03 at the three isotropic frequencies 
in F,. Simulations of these threepwder patterns are also shown 
in Figure 5, and the values of &:), CQ, and q obtained by sim- 
ulating each site are given in Table 111. The quadrupolar pa- 
rameters obtained by simulating the MAS spectrum of RbC104 
are given in Table I11 as well. In addition, the quadrupolar 
parameters determined using a linear fit (shown in Figure 6) of 
RbN03 isotropic shifts from four different field strengths are given 
in Table IV. 

Tl's for these compounds ranged from 200 to 300 ms. The T2 
line width of RbN03 measured with a Carr-Purcell sequence was 
less than 20 Hz. The line widths measured in the high-resolution 
F, dimension of the DAS spectrum of RbN03 were 175 Hz, while 
those in the DOR spectrum of RbN03 were 80 Hz. 

Discussion 
The MAS spectrum of RbCl (Figure 2a) gives a slightly 

narrower line than the DAS spectrum (Figure 3a). This is as 
expected, since the rubidium nucleus is in an environment of cubic 
symmetry within the crysta1;l' therefore, there is no second-order 

-20 -33 -45 -20 -31 -45 

Frequency (ppm from 1M ''RbNO?) 

Figure 5. 11.7 T single-site s7Rb MAS spectra of RbNO, for isotropic 
peaks at (a) -29 ppm, (b) -32 ppm, and (c) -34 ppm, correlated by 
means of pure-phase DAS.I7 

Table IV. Results from a Linear Least Squares Fit of the Isotropic Shifts as a Function of l/Boz for RbNO, 
6 E  (PPm) 6X' (ppm) 6?iT (ppm) 6btJ' ( P P 4  6;:') (ppm) CQ(1 + 772/3)1/2 (MHz) 

1.72 f 0.06 
2.36 f 0.04 

-55.3 f 1.0 -40.2 f 1.0 -37.0 f 1.0 -34.0 f 1.0 -31.6 f 0.8 1.81 f 0.05 

-48.4 f 1.0 -34.4 f 1.0 -32.0 f 1.0 -29.0 f 1.0 -26.8 f 0.8 
-67.5 f 1.0 -39.8 f 1.0 -36.0 f 1.0 -32.0 f 1.0 -26.8 f 0.8 
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The DAS (Figure 3d) and MAS (Figure 2d) spectra of 
Rb2Cr04 show a single site with prominent sets of spinning 
sidebands. The isotropic line was assigned by performing DAS 
at two different spinning speeds. However, there are two crys- 
tallographically distinct Rb sites in Rb2CrO4.I3 The large CQ 
( N 12 MHz) for the second sitelo makes it unobservable because 
the total intensity is distributed over a bandwidth that is too broad 
to be excited with 5 ps rf pulses. 

The MAS spectrum of RbN03 (Figure 2e) consists of three 
overlapping powder patterns, which give rise to narrow, resolved 
lines under DAS (Figure 3e). The MAS spectra extracted from 
the phase-sensitive DAS spectrum were fit by computer simula- 
tions, each simulation starting with a different set of initial pa- 
rameters covering a wide range of values. All simulations con- 
verged to the same set of parameters within fO.Ol%. Our esti- 
mates for the absolute accuracy of the simulations are that CQ 
is accurate to f0.05 MHz, 1) to f0.05, and the isotropic chemical 
shift to fl.O ppm. These error estimates are shown in Table 111. 

Calculation of the product C (1 + 92/3)1/2 and the isotropic 
chemical shift, S!:’), using datalrom DAS spectra taken at two 
different field strengths and eq 4 can introduce large errors, since 
this requires two DAS measurements and two external references. 
Furthermore, since Cp(l + 1)2/3)1/2 is proportional to the square 
root of the difference between the two isotropic shifts at two 
different fields, smaller differences lead to larger errors. The actual 
error analysis is straightforward, and we report overall errors in 
Table I1 for all calculated parameters assuming that the mea- 
surements are accurate to f l  ppm. Since the errors of the pa- 
rameters determined by simulation of a single site can be less than 
those determined by two field measurements, it is highly desirable 
to perform simulations in conjunction with the measurements at 
two or more magnetic field strengths. 

Performing measurements at four different magnetic field 
strengths greatly improves the accuracy and precision of the 
calculated product cQ(1 + v2/3)Il2 and 6;:’). This has been done 
with RbN03 by comparing the results from this work with 
measurements taken at 4.2 T.27 We observe a linear relationship 
between Sobs and 1/Bo2 for each of the three sites as predicted 
(Figure 6). The slope of each line may be related to cQ(1 + 
1)2/3)1/2 by eq 4, while the zero intercept (which corresponds to 
infinite field) is simply b[:’). Also a linear least squares analysis 
allows estimation of errors, and we observe a dramatic im- 
provement over two-field results (almost a factor of 10). This 
improvement arises due to the large range of isotropic shift dif- 
ferences between the measurements at all four fields. The results 
and errors are compiled in Table IV and agree very well with our 
simulations. 

The isotropic shift for RbCl that we report is in very good 
agreement with the work by Cheng et a1.,I0 indicating that our 
external references were consistent with theirs, but our deter- 
mination of the isotropic chemical shifts for the other salts using 
DAS is different. We expect DAS to give more precise values 
than wideline simulation techniques, which require a large number 
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of adjustable parameters, since DAS allows the determination of 
isotropic chemical shifts and CQ(1 + ~ ~ / 3 ) ’ / ~  directly. Fur- 
thermore, in the case of RbN03, DAS allows us to separate MAS 
powder patterns and determine isotropic chemical shifts, quad- 
rupolar coupling constants, and asymmetry parameters for each 
of the RbN03 sites through single-site simulation. The quadru- 
polar parameters determined for RbN03 by multiple-field DAS 
measurements agree quite well with a previous study performed 
in a low magnetic field by Sege1.28 

It is interesting to note that while the width of the lines in the 
DAS spectrum of RbN03 is 175 Hz, the width of those in the 
DOR spectrum is only 80 Hz. This difference arises in part from 
the fact that homonuclear dipoledipole coupling is averaged more 
completely by DOR than by DAS. Multilinear homonuclear terms 
(e.g. 11+12 z...Znz) created during the first tl/2 period of the DAS 
experiment are not stored by the second ?r/2 pulse and hence decay 
during the hop and cannot be refocused in the second tl/2 period. 
Therefore, in order for a DAS experiment to give narrow lines, 
the homonuclear dipolar coupling must be small. However, this 
residual broadening can be minimized by using the k = 5 solution 
for the DAS angles rather than k = 1, where k is defined in ref 
3. 

T1 relaxation times for RbN03 and Rb2S04 are both in the 
range 200-300 ms, in agreement with those previously reported 
by Cheng et al.1° These Tl’s are ideal for DAS, as they require 
a minimum delay for complete Tl relaxation between scans, but 
at the same time, the signal does not decay unduly during the 
hop@) (30 ms/hop). In addition, the observed isotropic chemical 
shift range for these compounds is quite large (over 150 ppm), 
significantly larger than that observed for similar sodium com- 
pounds. This is due to the larger electron cloud surrounding a 
rubidium nucleus leading to a larger polarizability. 

Finally, we note that there are two NMR-active isotopes of 
rubidium, 8SRb ( I  = 5 / 2 )  and 87Rb ( I  = 3/2) .  We have obtained 
8sRb DAS spectra of some of the compounds, but 87Rb gives DAS 
spectra superior to those of 8SRb, since the sensitivity of 87Rb is 
greater and its relaxation time longer. 87Rb has the disadvantage 
that the residual homonuclear dipolar broadening of the DAS line 
is larger, but, in our experience, spectroscopy of 87Rb appears to 
be advantageous, especially in cases where CQ is between 1 .O and 
8.0 MHz. 
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