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ABSTRACT 
Determination of a true temperature and temperature gradient in the solid-state NMR sample is a serious problem in MAS and 

MAS NMR measurements which use a variable-temperature control unit (VT MAS NMR). In the presented article the method which 
takes advantage of a temperature dependence of 207Pb NMR chemical shift of Pb(NO3)2 is proposed for the solution of this problem. 
Dependences of the sample temperature on the MAS rate at room temperature are reported as well as the measured and processed 
dependences of the sample temperature in the centre and edges of the rotor on the temperature set in the variable-temperature 
control unit (VT) measured at characteristic (frequently used) MAS rates of 10 kHz and 6kHz, respectively. Analysis of the Pb(NO3)2 
spectra provided a maximal temperature gradient in a cylindrical sample as well as the temperature gradient in a narrow region (3 
mm) in the centre of the rotor. The results obtained can be used for calculation of the true sample temperature in specific VT MAS 
NMR experiments and contribute to understanding of principles of frictional heating at axial rotational motion of cylindrical objects 
in the gas atmosphere. 
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1. INTRODUCTION 

The temperature of the sample placed in a rotor of the 
MAS probehead of a solid-state NMR spectrometer is an 
important parameter of NMR measurement. There are 
indications that the temperature inside the rotor can differ 
from temperature set in the variable-temperature control 
unit (VT) which is, due to the construction reasons, 
controlled by a thermocouple located outside of the rotor. 
During a real NMR measurement, temperature of the 
sample is modified due to frictional heating caused by 
rotation of the sample as well as by other factors, e.g., 
construction of the stator, bearing and drive system, and 
separation of the flow of heating medium. The sample can 
be also heated by radiofrequency irradiation and 
heteronuclear decoupling [1]. 

The temperature of the sample placed in a rotor is 
usually determined using a temperature dependence of the 
isotropic chemical shift, the width of resonance lines as 
well as the changes of chemical shift anisotropy 
parameters (at low MAS rates) of various calibration 
materials [1-12]. These procedures have been applied for 
Bruker, Jeol, and General Electric spectrometers. Sample 
heating in these spectrometers is carried out using bearing 
or/and drive gases.  

The aim of this study was to propose a method which 
can be used for determination of the temperature and 
temperature gradients in samples placed in rotors of 
Varian T3 MAS HXY probeheads which have a different 
system for heating and cooling the samples. In this case, 
the flow of heating (cooling) medium is separated and 
directed to the centre of spinning rotor. Based on the 
results reported in this article, this system of heating 
(cooling) gives different results in comparison with those 
used in the above mentioned spectrometers as far as 
temperature characteristics and temperature gradients are 
concerned.    

Pb(NO3)2 was chosen as a calibration material due to 
the fact that it has a strong temperature dependence of the 
isotropic chemical shift [6]. 

2. EXPERIMENTAL 

A standard 4 mm zirconium dioxide rotor with vespel 
drive cap and teflon spacers were used for Varian T3 
MAS HXY probehead.  

The calibration material, Pb(NO3)2, with purity of 
99.999%, was purchased from Aldrich. To determine the 
temperature and temperature gradients more exactly and 
prevent expected line broadening, the volume of the rotor 
was filled with Pb(NO3)2 only to approximately 20 
percent. Additional teflon cylinders inserted into the rotor 
created a 3 mm wide empty gap in the middle of rotor and 
1 mm wide empty gap at one edge of the rotor. These gaps 
were filled with Pb(NO3)2 (Fig. 4). This spacing of 
calibration material made it possible to determine exactly 
the temperatures in the centre and edge of the rotor and 
simultaneously also the temperature gradient in 3 mm 
space in the middle of rotor.  

207Pb MAS NMR spectra were measured on a 400 
MHz Varian Solid State NMR spectrometer (magnetic 
field of 9.4 T). Measurements were performed at 
resonance frequency of 83.35 MHz with a π/2pulse 
duration 3.5 µs, recycle delay 40 s, and acquisition time 
82 ms. The number of accumulation was always 128. 
Varian Vnmrj 3.2 and MestReNova 8 software were used 
for NMR measurement control and processing of obtained 
spectra, respectively. 

The spectra were measured at different temperatures 
and different MAS rates; waiting time for temperature 
stabilization was 30 min. To obtain information on the 
type of chemical shift anisotropy, a static NMR spectrum 
of Pb(NO3)2 was also measured. At each MAS 
measurement, the bearing and drive gas flow rates were 
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set manually to values according to a Varian calibration 
graph, and VT flow was kept constant at 20 L/min. 

3. RESULTS AND DISCUSSION 

The static NMR spectrum of the calibration sample 
measured at room temperature is shown in Fig. 1. The 
spectrum displays a broad NMR signal with a distinct 
axial anisotropy of the chemical shift tensor. In spite of 
the fact that principal values of the chemical shift tensor 
and anisotropy parameter δ change considerably with the 
temperature, these parameters can be used for the 
calibration of temperature only in VT experiments with 
non-spinning sample [6, 7, 11].  

 

 

Fig. 1  Experimental 207Pb NMR spectrum of non-spinning 
Pb(NO3)2 sample measured at 25°C 

Fig. 2 shows selected 207Pb MAS NMR spectra, whose 
processed parameters are depicted in Fig. 3. When 
temperature was constant in the whole volume of the 
sample, Pb(NO3)2 produced a very narrow symmetrical 
signal with the half-width of 30 Hz (0.36 ppm) at the 
MAS rate of 1220 Hz. Spectra measured at lower MAS 
rates displayed broader lines due to not sufficiently 
suppressed chemical shift anisotropy.  

With increasing the MAS rate, the viscous drag of the 
rotor comes into effect which results in the heating of the 
rotor and subsequently also the sample. Due to the 
presence of several gas flows (heating, bearing, and 
driving flows), the temperature increase in different parts 
of the sample at specific MAS rate (when VT is adjusted 
to 25 °C) is not uniform.  The temperature increase in the 
centre of the rotor differs from that at its edge. The spectra 
shown in Figs. 2 b), c), and d) display an additional peak 
corresponding to the signal of the sample from the edge of 
the rotor. When information on the temperature change of 
207Pb chemical shift in lead nitrate (0.753 ppm/K) [6] is 
taken into account, it is possible to conclude that 
temperature of the sample in the whole volume of the 
rotor is constant up to the MAS rate of 2 kHz and equal to 
the temperature set in the VT control unit. Temperature of 
bearing and drive gases was set to 24 °C in these 
measurements. With increasing the MAS rate (Fig. 3), the 
temperature of the sample increased strongly – +7.6 °C in 
the centre of the rotor and +5.9 °C at the edge of this, at 
10 kHz. The temperature gradient in the 3 mm central 
region of the rotor was approximately 1°C.  

The signal reference of 207Pb in lead nitrate at 25°C 
was determined from the fitting curve in Fig. 3 as the 
value corresponding to the MAS rate of 0 Hz. An 

excellent fitting by second-order polynomial points to the 
fact that the main factor influencing temperature within 
the sample is a kinetic energy of the rotor surface. The 
extrapolated value of –4.205 ppm at 25 °C, together with 
above mentioned value of 0.753 ppm/K, were used to 
calculate a theoretical function depicted in Fig. 5. 

             

 

Fig. 2  207Pb NMR spectra of Pb(NO3)2 measured at 25 °C set in 
the VT control unit and MAS rates of a) 2 kHz, b) 4 kHz, c) 8 

kHz, and d) 12 kHz  

 

Fig. 3  207Pb NMR chemical shifts of Pb(NO3)2 and the sample 
temperature in the centre (solid circles) and edge (open circles) 
of the rotor as a function of the MAS rate. The measurements 

were carried out at VT temperature set to 25 °C  

The aim of following experiments was to determine a 
true temperature of the sample in the centre and edge of 
the rotor as well as temperature gradients at different VT 
temperatures. The probe arrangement provides that 
bearing and drive gas temperatures are approximately the 
same. In our measurements, they always were about 24 °C 
(as RT). 

The NMR measurements were carried out at VT 
temperatures from 25 to 175 °C at two MAS rates – 6 kHz 
and 10 kHz. The following section deals in detail with the 
measurements performed at MAS rate of 10 kHz. 
 A stabilization of the temperature at higher MAS rates 
is influenced substantially by a cooling effect of the 
bearing and drive gas flows. The 207Pb MAS NMR spectra 
of lead nitrate measured at different temperatures are 
depicted in Fig. 4, and their processing is shown in Fig. 5. 
An interesting line narrowing observed in spectra at 
certain temperatures indikates that temperature gradient in 
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the central part of the rotor (3 mm) is minimal at these 
temperatures. From Fig. 5 can be inferred that it is 
observed in a temperature range in which temperature of 
the sample in the centre of rotor is approximately the same 
as temperature of the heating gas in the VT control unit. 
 Fig. 5 displays 207Pb chemical shifts of Pb(NO3)2 
sample placed in the centre and at the edge of the rotor 
versus VT temperature and derived straight lines fitting 
this dependences. These straight line equations shown in 
Fig. 5 allow to calculate a true temperature of the sample 
if VT temperature is known. 
 

  

Fig. 4  207Pb NMR spectra of Pb(NO3)2 sample measured at 
different VT temperatures at constant MAS rate of 10 kHz  

 

 

Fig. 5  207Pb chemical shift of Pb(NO3)2 sample placed in the 
centre and at the edge of the rotor versus VT temperature. Fitting 
straight lines and corresponding straight line equations for MAS 

rate of 10 kHz 

 When a certain value of VT temperature is set then a 
true temperature of the sample in the centre and at the 
edge of the rotor can be calculated using the following 
formulae: 

𝑡centre of sample = 0.891 × 𝑡VT + 10.5 

𝑡edge of sample = 0.818 × 𝑡VT + 11.2 

 Maximal temperature gradient of the sample in a fully 
filled rotor is given by the following formula: 

∆𝑡max = 𝑡centre − 𝑡edge = 0.073 × 𝑡VT − 0.7 

If, for example, VT temperature is set to 50 °C then the 
maximal temperature gradient in the sample is only 3 °C, 
but if VT temperature is set to 150 °C then the 
temperature gradient in the sample reaches 10.2 °C. 
Temperature gradients in the central part of the rotor (3 
mm) can be calculated from the line widths of the signals 
in the left part of the spectra in Fig. 4.  
 If a certain temperature is required in the sample (in 
the centre of the rotor) then the corresponding VT 
temperature can be calculated by an equation: 

𝑡VT = 1.122 × 𝑡centre of sample − 11.8 

The results of analogous measurements performed at 
the MAS rate of 6 kHz (often used at cross-polarisation 
experiments) processed as mentioned above, and fitting 
straight lines with calculated parameters are shown in Fig. 
6. 

 

 

Fig. 6  207Pb chemical shift of Pb(NO3)2 sample placed in the 
centre and at the edge of the rotor versus VT temperature. Fitting 
straight lines and corresponding straight line equations for MAS 

rate of 6 kHz 

 
𝑡centre of sample = 0.879 × 𝑡VT + 4.9 

 
𝑡edge of sample = 0.811 × 𝑡VT + 5.2 

∆𝑡max = 𝑡centre − 𝑡edge = 0.068 × 𝑡𝑉𝑇 − 0.3 

𝑡VT = 1.138 × 𝑡centre of sample − 5.5 

 The results summarized in Fig. 5 and Fig. 6 show that 
at lower temperatures, the temperature of the sample is 
higher than VT temperature, and at higher temperatures, 
the situation is opposite.  This is a substantial difference 
with respect to the probeheads of Bruker, Jeol, and 
General Electric spectrometers in which the temperature 
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of the sample is always higher than the VT temperature 
(when set above RT). 

4. CONCLUSIONS 

In the article, the method which takes advantage of the 
temperature dependence of 207Pb NMR chemical shift of 
Pb(NO3)2 is proposed for the calculation of a true 
temperature and temperature gradient in the sample at VT 
MAS NMR measurements. The dependence of the 
temperature increase of the sample on MAS rate obeys 
second-order polynomial due to the effect of frictional 
heating. Behaviour of temperature of the sample heated by 
VT gas in a Varian probehead differs from those 
published for probeheads of spectrometers of other types. 
The most important outcomes of this study are fitting 
functions which allow to estimate the true temperature in 
the profile of the sample and also to calculate VT 
temperature when a specific temperature in the sample is 
required in VT MAS NMR measurements.  
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