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For conventional fast magic-angle spinning (MAS) frequencies
<15 kHz), there is a known heating of the sample due to the
riction between the rotor and the bearing gas. At the recently
chievable ultrafast MAS frequencies of up to 35 kHz, a more
ramatic heating effect is expected. Using the 119Sn NMR signal of
he chemical shift thermometer Sm2Sn2O7, this frictional heating
ffect is quantified, and a calibration of the sample temperature
nder ultrafast MAS conditions is described. An empirical expres-
ion is given which allows the determination of the sample tem-
erature as a function of the bearing gas temperature and the
pinning frequency. © 1999 Academic Press

Key Words: solid-state 119Sn NMR; magic-angle spinning; tem-
erature dependence; Joule–Thomson effect; frictional heating;
emperature calibration.

INTRODUCTION

In magic-angle spinning (MAS) experiments, the sam
emperature is usually controlled by adjusting the temper
f a gas flow applied to the rotor. In Bruker systems,
xample, the temperature of the bearing gas is varied, wh

n Chemagnetics systems, a separate gas stream, additio
he drive and bearing gas, of variable temperature is app
or all cases, however, it is well known that the actual sam

emperature is significantly influenced by the sample rota
ith increasing spinning frequencies, the rotor and the sa
eat up due to the friction between the rotor and the bearin
1). Since temperature control is crucial for many experime
n particular for variable-temperature (VT) MAS experime
he actual sample temperature needs to be measured inte
uch a calibration can be achieved by the physical mixin

he sample with a chemical shift thermometer. Although
ixing technique is the most straightforward and precise
roach for temperature determination, it is, however, inap
riate in many cases, for example when the sample is rea
r valuable. Therefore, a general quantification of the fricti
eating effect is desirable and of particular importance
any applications of ultrafast MAS techniques.
For rotor frequencies of up to 15 kHz, a systematic
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uantitative investigation of the influence of MAS on
ample temperature has been performed using the119Sn reso
ance of Sm2Sn2O7 as a chemical shift thermometer (1). For a
AS probe utilizing rotors of 4-mm outer diameter (od),
quation for the true sample temperature at a given bearin

emperature and spinning frequency was obtained. It shou
oted that for MAS probes utilizing rotors of 7 mm od a
llowing moderate spinning rates of up to 6 kHz, no signific
eating effect was observed (1).
An important recent advance in the field of solid-state N

as been the development of probes utilizing rotors of 2.5
d, which allow MAS to be performed at rotation frequenc
f up to 35 kHz (2). This ultrafast MAS technique afford
ignificant resolution enhancements for strongly dipolar
led systems. For rigid1H systems, this has been demonstra

or both a model compound (3) and hydrogen-bonded stru
ures of current chemical interest (4, 5). In the latter case, th
nterpretation of the1H spectra is only possible at these ul
ast MAS frequencies. Moreover, in19F NMR, ultrafast MAS
chieves both dipolar decoupling and averaging of the c

cal shift anisotropy, thus yielding high-resolution spectra
as been shown for inorganic fluorides (6) and fluoropolymer
7, 8). Additionally, such high MAS frequencies have be
sed to simplify23Na and27Al multiple-quantum (MQ) MAS
pectra by the effective removal of heteronuclear dipolar
lings, such that the origin of the observed MQ MAS spinn
ideband patterns (9, 10) in first-order quadrupolar systems
ore easily elucidated (11).
In this Communication, we extend the preceding work (1) to

ltrafast MAS conditions, where the MAS-induced hea
ffect is expected to be much more pronounced. For a spin

requency of 35 kHz, Bruker’s manual for the 2.5-mm M
robes mentions a heating effect of approximately 55 K, b
n 207Pb NMR spectra of Pb(NO3)2.

EXPERIMENTAL

All experiments were performed on a Bruker ASX 5
pectrometer at a119Sn Larmor frequency of 186.5 MHz usi
commercial Bruker MAS probe utilizing rotors of 2.5-mm
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183COMMUNICATIONS
2). The inner diameter of these rotors is 1.3 mm, corresp
ng to a sample volume of approximately 12ml. The spinning
requency,nr, was varied in steps of 5 kHz between 5 and
Hz and in steps of 2.5 kHz between 30 and 35 kHz.
lectronic Bruker MAS unit was used for spinning control
tabilization within610 Hz.
The bearing gas (air) was cooled or heated, and contr

y the Bruker VT unit and the probe thermocouple, while
rive gas was used at ambient temperature. The thermoc

s located in the bearing gas stream, at the position dir
efore the gas enters the boron nitride stator. The bearin

emperature,Tb, was varied in steps of 10 K between 240
50 K. After each change of temperature, the sample
llowed to equilibrate for 5 min before recording the NM
pectrum. Under these conditions, neither any broadenin
symmetry of the119Sn resonance line of Sm2Sn2O7, which
ould be indicative of localized inhomogeneous heating

ects, was observed. For spinning frequenciesnr , 30 kHz, the
earing gas pressure was set to 3 bar, whereas fornr $ 30 kHz,
s a consequence of the requirement to use drive pres
bove 2 bar, a bearing gas pressure of 4 bar was necessa
ach spectrum, 128 transients were averaged using a r

ime of 500 ms, which is much longer than the spin–lat
elaxation timeT1 ; 0.1 ms (12).

The isotropic chemical shift,d iso, of the 119Sn resonance o
m2Sn7O7 was determined relative to the119Sn resonance o
nO2, the latter atd iso 5 2604.3 ppm serving as a second

eference to the primary standard Sn(CH3)4 at d iso [ 0 ppm.
or nr $ 5 kHz, the linewidths of the119Sn resonances
m2Sn2O7 and SnO2 were 4 and 2 ppm, respectively. T
hemical shift values could be obtained from the spectra
n accuracy of60.2 ppm.

RESULTS AND DISCUSSION

The sample temperature was calculated from the isot
hemical shift of the119Sn resonance of Sm2Sn2O7. The tem-
erature dependence of the frequency of this119Sn resonanc

ine has been investigated in detail by van Moorselet al. (13),
ho showed that the origin of the phenomenon is the hype

nteraction between the paramagnetic electron spin an
119Sn nucleus. Considering only the ground and first exc
tates of Sm31 and using the Van Vleck equation, they deriv
n analytical expression describing the dependence ofd iso on

he sample temperature. Thus, using their equation, the
ample temperatureTs can be calculated from the observ
hemical shift. Figure 1 shows a plot of the determined sa
emperature,Ts, as a function of the spinning frequency,nr,
Fig. 1a) and the bearing gas temperature,Tb, (Fig. 1b).

From Fig. 1, the expected increase in sample temper
ith increasing spinning frequency is clearly evident.

otors of 2.5-mm od, the maximum obtainable MAS freque
quals 35 kHz. At this frequency, the friction between the r
d-
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nd the bearing gas heats the sample by 30–40 K. This is
wice as much as has been observed for conventional r
ith 4-mm od at a MAS frequency of 15 kHz (1). Thus, the

rictional heating effect is indeed much more pronounced
er ultrafast MAS conditions. In the previous study (1), a smal
ooling effect was observed for bearing gas tempera
bove 300 K, when increasing the MAS frequency from 2
Hz. However, this could not be directly observed in
nvestigation, since the ultrafast MAS equipment does
llow sufficiently stable rotor spinning below 5 kHz. Nev

heless, for all bearing gas temperatures at low MAS freq
ies (nr , 15 kHz), the initial sample temperaturesTs are
bserved to be slightly lower than the bearing gas temp

ures.
For lower bearing gas temperaturesTb, an increased MA

eating effect is observed, since the viscosity of the gas
ence the friction with the rotor, is higher at lowerTb. At nr 5
5 kHz, for example, the differenceTs 2 Tb equals 39 and 3

at Tb 5 240 and 350 K, respectively. This complica
ltrafast MAS experiments at low temperatures in two w
rst, the bearing gas must be cooled down more to compe
or this more pronounced heating effect, and, second
older the bearing gas, the higher the drive gas pressur
ust be applied in order to keep the spinning frequency

tant. For standard Bruker equipment, the critical limit of d
nd bearing gas pressures is reached atTb ' 200 K, such tha

or routine applications of ultrafast MAS, the minimum achi
ble sample temperature is about 240 K. It is interesting to

hat to provide room temperature conditions atnr 5 35 kHz,
he bearing gas must be cooled down to about 260 K.

From inspection of Figs. 1a and 1b, it is clear that
mpirical expression describing the dependence ofTs onnr and
b needs, at least, to include terms}nr and }nr

2 and a term
inear in Tb. Grimmeret al. (1) have shown that, under MA
onditions, the sample temperatureTs can be empirically de
cribed as a function of the bearing gas temperatureTb and the
pinning frequencynr using an expression of the form

Ts 5 a0 1 a1 z Tb 1 a2 z n r 1 a3 z ~Tb z n r! 1 a4 z n r
2. [1]

n a two-dimensional least-squared procedure, a fit of
xperimental sample temperature matrixTs(Tb, nr) to Eq. [1]
esulted in the coefficients

a0 5 ~212.16 1.5! K

a1 5 ~1.0196 0.005!

a2 5 ~0.626 0.07! K z kHz21

a3 5 ~22.3 6 0.2! z 1023 kHz21

a4 5 ~3.646 0.09! z 1022 K z kHz22. [2a–e]
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184 COMMUNICATIONS
The negative sign ofa0 indicates quantitatively a coolin
ffect. For the static case,nr [ 0 kHz, Eq. [1] reduces to

Ts 5 212.1 K1 1.019Tb < Tb 2 12 K, [3]

iving a difference (Tb 2 Ts) on the order of magnitude of 10
n our case, the static condition,nr [ 0 kHz, implies the applica

FIG. 1. Sample temperatureTs, as determined from the119Sn isotropic ch
earing gas temperatures,Tb.
ion of bearing gas (in our experiments at a pressure of 3 bar
o drive gas, such that the sample is cooled due to the J
homson effect (1, 14). Normally, static spectra at room temp
ture will be recorded applying neither bearing nor drive
esulting in ambient temperature conditions, but if bearing g
sed for cooling or heating, the sample temperature shou
arefully measured or calculated from Eqs. [1] and [2a–e].

ical shift of Sm2Sn2O7, for (a) different MAS frequencies,nr, and (b) differen
em
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In Fig. 2, the observed sample temperatureTs
obs (as derived

rom the119Sn chemical shift) is plotted versus the tempera
s
calc, calculated from the bearing gas temperatureTb and the
pinning frequencynr using Eqs. [1] and [2a–e]. The data fit
straight line with a slope of 1.0006 0.002, an offset of 0.06
.6 K and a reliability factor of 0.9998. This demonstrates

he empirical expression reflects the dependence ofTs on Tb

nd nr to a high degree of accuracy for the whole range
arameters, i.e., 240 K# Tb # 350 K andnr # 35 kHz.
It is expected that the sample temperatureTs is predomi-

antly determined by the bearing gas temperatureTb. From the
oefficients in Eqs. [2a–e], it is clear that approximately 8
f the resulting temperature is given by the terma1 z Tb, while

he other terms contribute in the order of up to 20% and co
or the influence of sample spinning as well as the the
roperties of the probe.
Although the inclusion of terms}nr and }nr

2 in Eq. [1]
epresents a completely empirical approach, thenr

2 dependenc
f the heating effect and its physical origin can be rational

n terms of the Newtonian friction which is present in the c
f fast motion and turbulent flow. It causes a frictional ene
roportional to the square of the velocity of the rotor. A
roaching the speed of sound, also higher order contribu
f terms}nr

n with n . 2 are expected. In practice, howev
he nr dependence of the sample temperature can be em
ally described to a sufficient accuracy neglecting such te
In conclusion, for ultrafast MAS experiments using rotor

.5-mm od, the sample temperature is increased by 30–

IG. 2. Calculated versus observed sample temperatureTs. The experimen
e
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hen spinning at 35 kHz. This frictional heating effect
xacerbated at low bearing gas temperatures. By use
mpirical expression—Eq. [1] with the coefficients given
qs. [2a–e]—the sample temperature can be straightforw
redicted as a function of the bearing gas temperature an
pinning frequency to an accuracy of about62 K, which is
ufficient for most applications. For the precise determina
f the five coefficientsai , about 20 experiments at variousTb

ndnr should be sufficient, such that the full calibration o
robe needs less than 2 h. In order to determine the tempe
ore precisely, both the sample and a chemical shift therm
ter must be measured in the same experiment, eith
ixing the two compounds or by packing the two compon

eparately in the rotor using a divider.
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