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ABSTRACT

Accurate determination of sample temperatures in solid state nuclear magnetic resonance (NMR) with
magic-angle spinning (MAS) can be problematic, particularly because frictional heating and heating by
radio-frequency irradiation can make the internal sample temperature significantly different from the
temperature outside the MAS rotor. This paper demonstrates the use of 7°Br chemical shifts and spin-lat-
tice relaxation rates in KBr powder as temperature-dependent parameters for the determination of inter-
nal sample temperatures. Advantages of this method include high signal-to-noise, proximity of the 7°Br
NMR frequency to that of '>C, applicability from 20 K to 320 K or higher, and simultaneity with adjust-
ment of the MAS axis direction. We show that spin-lattice relaxation in KBr is driven by a quadrupolar
mechanism. We demonstrate a simple approach to including KBr powder in hydrated samples, such as
biological membrane samples, hydrated amyloid fibrils, and hydrated microcrystalline proteins, that
allows direct assessment of the effects of frictional and radio-frequency heating under experimentally

relevant conditions.

Published by Elsevier Inc.

1. Introduction

In nuclear magnetic resonance (NMR) with magic-angle spin-
ning (MAS), the sample is generally at the center of a rapidly spin-
ning rotor, preventing placement of a conventional temperature
sensor at the sample position. The sample temperature can be
strongly affected by frictional heating of the rotor (particularly at
high MAS frequencies) or absorption of energy from radio-fre-
quency (rf) electric fields (particularly in hydrated samples or
other lossy samples). Additionally, when separate gas sources are
used for MAS drive and bearings and for temperature control, the
temperature of the gas that surrounds the MAS rotor may be
uncertain. Temperature gradients across the MAS rotor and in
the surrounding gas create further complications.

Several techniques for determination of internal sample tem-
peratures have been proposed, including calibrations by known
phase transition temperatures [1-5] and measurements of temper-
ature-dependent chemical shifts for '3C in samarium acetate [6],
15N in TTAA [7], 'H in bulk water [8], 'H in methanol soaked into
TTMSS [9], 2°7Pb in lead nitrate [10-14], '*°Sn in Sm,Sn,0, and
other compounds [15,16], 3!P in (VO),P,0; [17], and 'H and 3'P
in aqueous solutions of TmDOTP [18]. Alternatively, the tempera-
ture dependence of a spin-lattice relaxation rate (1/T;) can be used,
e.g., that of “Li [19]. The shift of quartz crystal resonances [20] and
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the 3°CI NQR frequency of NaClOs [21,22] have also been proposed
as useful temperature-dependent parameters.

In this Communication, we describe temperature measure-
ments based on the chemical shift and T; of 7°Br in KBr powder.
This method has a number of advantages, especially for '*C MAS
NMR: (i) The 7°Br NMR frequency differs from the '*C NMR fre-
quency by only 0.4%, allowing the '3C channel of the NMR probe
to be used with only minor retuning; (ii) The temperature range
from 20 to 320K or higher can be covered; (iii) The 7°Br signal
can be used for both temperature and magic-angle monitoring
[23]; (iv) The 7Br signal is strong and T; is short at temperatures
above 40 K. Small quantities of KBr are therefore sufficient, which
can be included in the sample without sacrificing much sample
volume as described below. Additionally, KBr is not highly toxic.

2. Temperature-dependent spin-lattice relaxation

Fig. 1a shows the temperature dependence of T; for 7°Br in KBr.
T, changes by almost three orders of magnitude from 100 to 15K,
providing very good temperature sensitivity. Although the temper-
ature dependence is weaker at higher temperatures, the fast spin-
lattice relaxation (T; =75 + 3 ms at 296 K) allows rapid measure-
ment with high signal-to-noise, so that T; measurements can be
used to determine sample temperatures up to at least 320 K.

Fig. 1b compares T; values for “°Br and 8'Br. Both are spin-3/2
isotopes with high abundance and similar gyromagnetic ratios,
allowing comparative measurements without modification of the
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Fig. 1. (a) "°Br spin-lattice relaxation time T; in KBr powder (static sample) as a
function of temperature. The solid line is a theoretical expression for quadrupolar
relaxation due to phonons [27,28], with the overall normalization fit to the
experimental result at 70 K. The dashed line is the empirical expression given in the
text. (b) Ratio of T; values for 7°Br and 8'Br in KBr as a function of temperature. Solid
and dashed lines show the expected ratios for quadrupolar and magnetic relaxation,
respectively. T, values were measured at 9.4 T.

NMR probe. For quadrupolar relaxation, 1/T; is proportional to the
quadrupole interaction squared, i.e., 1/T; o vo%; for magnetic relax-
ation, 1/T; is proportional to the magnetic interaction squared, i.e.,
1/T; o y? [24]. Thus, the ratio of the 'Br relaxation rate to the "°Br
relaxation rate is predicted to be 0.701 for quadrupolar relaxation
and 1.16 for magnetic relaxation [25]. Data in Fig. 1b demonstrate
that spin-lattice relaxation in KBr is dominated by quadrupolar
interactions down to at least 20 K. This result suggests that para-
magnetic impurities, which might vary between samples, do not
play a significant role. In fact, our T; measurements on KBr powder
ground with a mortar and pestle are consistent with previous mea-
surements on an optically pure single crystal [26].

The experimental T; data for "°Br fit the following empirical
expression (dashed line in Fig. 1a) to within 5% between 20 K and
296 K: T; = 0.0145 + 5330T 2 + (1.42 x 107)T* + (2.48x 10°)T°
(seconds). This empirical expression is similar to the theoretical
temperature dependence for quadrupolar relaxation using a Debye
distribution for lattice phonons. The solid line in Fig. 1a shows the
theoretical expression with only one adjustable parameter, the over-
all normalization of the relaxation rate [27,28]. Well above the De-
bye temperature of @p =177 K [26,29], T; is proportional to T2 in
theory, consistent with the experimental results. Below the Debye
temperature, phonons are frozen out, and the temperature depen-
dence is stronger. In the low-temperature limit, T, is proportional
to T~7 in theory [28]. However, this limit is only a good approxima-
tion at temperatures below our measurement range (T < 0.02
Op=3.5K)[28].

T, data in Fig. 1 were measured at 9.4 T in a non-spinning he-
lium-cooled probe, based on a customized Janis SuperTran contin-
uous flow cryostat, that provides accurate sample temperatures
[30-32] using both Cernox and platinum resistor temperature sen-
sors (Lake Shore Cryotronics). The T; values were measured by sat-
uration-recovery of the central NMR line (saturation with 5-80 1t/2
pulses with 0.3-10 ms gaps), using a single-exponential fit. In gen-
eral, spin-lattice relaxation of a nucleus with spin > 1/2 is not sin-
gle-exponential, and the relaxation of the central and satellite
transitions will be different [33]. However, for KBr under MAS,
we have found the T; values of the central NMR line and the
MAS sidebands to be equal, both at room temperature and 25 K.
We attribute this observation to fast spin exchange among the dif-
ferent transitions across the fairly narrow width (~25 kHz) of the
quadrupolar-broadened lineshape. The spin-spin relaxation time
of 81Br is 400 us at room temperature [34], and we have measured
~200 ps for 7°Br at 30 K (non-spinning). Also, T; for "°Br at differ-
ent MAS frequencies vyas does not show any change other than
that expected from frictional heating up to at least vyas = 16 kHz
(see Fig. 2).
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Fig. 2. (a) Correlation of the 7°Br chemical shift of KBr powder under MAS with that
of 2°7Pb in lead nitrate, using identical conditions for the two measurements. The
temperature scale is determined from the reported temperature dependence of the
297ph chemical shift [10]. (b) Temperature dependence of the 7°Br chemical shift of
KBr powder under MAS, with the temperature scale determined by 7°Br T,
measurements. Inset shows the 7°Br chemical shift in a static sample at lower
temperatures. Solid circles in (a) and (b) are data in which heated or cooled nitrogen
gas was used to vary the sample temperature. Open circles are data in which the
sample temperature was raised above room temperature by MAS at various
spinning frequencies. Solid lines are linear fits. Chemical shifts are normalized to
0.0 ppm at 296 K (100.025761 MHz for 7°Br, 83.227189 MHz for 2°’Pb).
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3. Temperature-dependent chemical shifts

Sample temperatures can also be determined from the temper-
ature dependence of the °Br chemical shift. This can be a more ra-
pid and convenient approach than T; measurements. Fig. 2a
compares the °Br chemical shift in KBr powder to the 2°’Pb chem-
ical shift in lead nitrate at various temperatures, measured with a
Varian 3.2 mm MAS probe at 9.4 T. As previously shown by Bielecki
and Burum [10], the 2°7Pb shift has a 0.753 ppm/K temperature
dependence, which is used to calibrate the temperature axis in
Fig. 2a. Both chemical shifts are set to 0.0 ppm at 296 K. Sample
temperatures in Fig. 2a were varied from 260 to 324 K by supplying
heated or cooled nitrogen gas to the probe’s variable-temperature
(VT) input (filled circles) or by varying vuas (open circles). Corre-
sponding KBr and lead nitrate measurements were made under
identical conditions of vyas, VT gas flow, and VT gas temperature.
A linear fit of the "°Br data yields a —0.0249 + 0.0015 ppm/K slope.

Fig. 2b shows temperature-dependent ’°Br chemical shift mea-
surements in which sample temperatures were determined from
the 7°Br T; measurements described above. A linear fit of these
data yields a —0.0250 + 0.0004 ppm/K slope, in excellent agree-
ment with the slope determined from Fig. 2a. The linear depen-
dence on temperature breaks down below 100 K, as shown by
data in the inset to Fig. 2b, which were obtained in the non-spin-
ning cryostat.

To use KBr as a temperature sensor within another sample of
interest (especially a hydrated sample where dissolution of KBr
powder would occur), we use the simple MAS rotor configura-
tion depicted in Fig. 3. A plug of KBr powder (2.0 mg) is loaded
into a hole in the end of a modified nylon screw (2-56 gauge),

which is then threaded into one of the rotor end caps. Epoxy
or cyanoacrylate glue is used to seal the KBr powder in place.
Equivalent configurations are readily devised, depending on the
rotor diameter or other factors. Fig. 3 shows examples of 7°Br
spectra recorded at 14.1 T with a Varian 5 mm MAS probe when
the rotor is filled with a hydrated multilamellar 1,2,-dioleoyl-sn-
glycero-3-phosphocholine(DOPC) lipid bilayer sample. In Fig. 3a,
the spectra were recorded at various vyas values and with vari-
ous VT nitrogen gas temperatures (100 scfh flow rate), using sin-
gle-pulse excitation of 7®Br and no irradiation on the proton
channel of the probe. Each spectrum was acquired in about
2sec (16 scans, 0.1s recycle delay). Central-transition “°Br
NMR frequencies were determined to +2 Hz by fitting the NMR
lines to Gaussian/Lorentzian functions, corresponding to +0.5 °C
uncertainties in actual sample temperatures. Dependences of
the sample temperature on vyas and VT gas temperature are
easily measured.

In Fig. 3b, the spectra were recorded at vyas=7.00 kHz with
various recycle delays and with a 71 kHz proton decoupling field
during the 30.72 ms 7°Br free induction decay. Dependences on
the duty factor (i.e., average decoupling power) are easily mea-
sured and are quite large for recycle delays in the 1-2 s range, as
commonly used in solid state '>C and >N NMR experiments. Re-
sults in Fig. 3 demonstrate the simplicity of internal sample tem-
perature measurements based on “°Br NMR, as well as the
importance of doing such measurements prior to MAS NMR exper-
iments on temperature-sensitive samples. To mimic experiments
that involve multiple time periods with different decoupling levels,
appropriate blocks of rf irradiation can be applied to the proton
channel before excitation of the 7°Br free induction decay.
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Fig. 3. (a) °Br NMR spectra of KBr powder within a hydrated DOPC sample, obtained without proton decoupling at MAS frequencies and nominal temperatures indicated in
parentheses. Actual sample temperatures reported above the parentheses were determined from the °Br NMR frequencies. Spectra were obtained at 14.1 T with 16 scans,
and show only the central transition. Nominal temperatures are the temperature of nitrogen gas used for temperature control. The NMR frequency corresponding to room
temperature (22.0 °C) was determined at 2.00 kHz MAS, where frictional heating is negligible. (b) Effect of proton decoupling (71 kHz rf field strength, 30.72 ms free induction
decay length) on sample temperature. Spectra were acquired in 32 scans with the indicated recycle delays after equilibration by repeated pulsing for at least 1 min.
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4. Conclusion

We expect “°Br chemical shift and T; measurements to be useful
for sample temperature determinations in a variety of settings,
including MAS NMR studies of the structural properties of biomo-
lecular systems and studies of molecular dynamics, thermodynam-
ics, or chemical kinetics based on temperature-dependent spin
relaxation rates, lineshapes, or NMR signal amplitudes. In addition,
progress on the development of technology for low-temperature
MAS NMR [22,35] and dynamic nuclear polarization [36] requires
measurements of internal sample temperatures and will be facili-
tated by the methods described above.
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