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The first carbon-13 shift thermometer for the temperature range
of 100–300 K is based on the very rapid equilibration of a pair of
semibullvalene valence tautomers. The temperature dependence of
the equilibrium constant is reflected in strongly temperature-de-
pendent shift differences Dd between averaged signals, e.g., d(Dd)/
dT 5 0.051 ppm K21 at 300, 0.087 ppm K21 at 200, and 0.175
ppm K21 at 110 K for the quaternary carbon atoms C2 and C6. At
37 temperatures T, which were measured with calibrated platinum
resistance thermometers, shift differences Dd were taken from
nondecoupled carbon-13 spectra recorded from solutions of 1 in
mixtures of chlorodifluoromethane and deuterated dimethyl ether
without spinning. The least-squares fit of these Dd vs T data to a
polynomial equation of the fourth degree (Eq. [5], r2 5 0.9999)
allows the calculation of temperatures from measured shift differ-
ences with a standard deviation of 0.46 K and an estimated error
of about 1 K. The heating effects of WALTZ-16 decoupling and
the influence of solvents on Dd are investigated. A comparison
with existing NMR thermometers demonstrates the superior per-
formance of the new carbon-13 shift thermometer with respect to
precision and the accessible temperature range. © 1998 Academic Press

Key Words: NMR thermometer; low-temperature carbon-13
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rearrangement.

INTRODUCTION

The development of modern, sophisticated, high-field NMR
spectrometers has solved several of the pernicious problems
that troubled variable-temperature magnetic resonance spec-
troscopy in earlier days (1–3), e.g., insufficient temperature
stability of the probe (4, 5), heating effects by high-power
heteronuclear decoupling (6–8), and temperature gradients in
the sample (9, 10). At the same time, the lower temperature
limit accessible to commercially available spectrometers has
been extended down to temperatures as far as about 100 K,
thus allowing the study of chemical exchange involving very
low barriers. While it has long been recognized (2, 3, 10–12)
that uncertainty in the sample temperature is a major source of
error in the determination of activation parameters, to the best
of our knowledge, no NMR thermometer for very low temper-
atures exists, let alone high-precision calibration samples that

match the temperature stability and accuracy of a modern
high-quality temperature controller. Therefore, very low sam-
ple temperatures have to be measured directly with the help of
a calibrated thermocouple or a platinum resistance thermome-
ter inserted into either the sample of interest itself or a very
similar tube that may substitute for the sample. The practical
realization of such direct measurements raises certain technical
difficulties that render them inconvenient, particularly in rou-
tine experiments. Therefore, it is desirable to have a precise
and accurate secondary temperature standard for the range of
100–200 K. The first such standard is described here.

Most NMR thermometers so far reported are based on the
temperature dependence of chemical shifts. Strongly tempera-
ture-dependent chemical shifts in carbon-13 spectra have been
reported for certain substituted semibullvalenes that exist as a
pair of different valence tautomers equilibrating rapidly on the
NMR time scale by nondegenerate Cope rearrangements (13–
15) e.g.,1a and1b. Based on the following considerations, it
should be possible to design semibullvalenes of this type that
could serve as secondary standards at very low temperatures.

The averaged chemical shiftd i of a rapidly exchanging
carbonCi is given by

d i 5 d iapa 1 d ib~1 2 pa!, [1]

where d ia and d ib are the chemical shifts in the absence of
exchange andpa the mole fraction of the valence tautomer1a
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(11). From the expression for the equilibrium constantK 5
(1 2 pa)/pa, it follows that

d i 5
d ia 1 Kd ib

1 1 K
, [2]

and the equilibrium-dependent shift differenceDd is then given
by

Dd 5 d6 2 d2 5
K~d6b 2 d2b! 1 d6a 2 d2a

1 1 K
. [3]

Equation [3] defines the necessary criteria for effective sec-
ondary temperature standards. First, it is evident that the dif-
ferenceDd between the averaged shiftsd6 andd2 of two carbon
atoms, i.e., C6 and C2, which are both exchanged between
cyclopropyl and vinyl positions of1a and1b, exhibits a par-
ticularly large temperature dependence because of the enor-
mous shift differences between these positions in the absence
of exchange, viz.,d6a2 d2aandd6b 2 d2b. The same is true for
the pair C4 and C8, of course. In other words, in the case of
semibullvalenes, the temperature dependence, inherent inK, is
not merely reflected inDd but magnified considerably by the
size of the shift differences in the absence of exchange.

Secondly, Eq. [3] shows that the values ofK must be in the
intermediate range. Extreme positions of equilibria, viz.,K @
1 and K ! 1, lead to very small measurable temperature
dependence ofDd. The same is true if the degeneracy is only
very slightly disturbed, e.g., by isotopic substitution. This
results inK values very close to 1 and very similar values for
the shift differences in the absence of exchange (16–19).

Although several nondegenerate semibullvalenes meet these
requirements for large temperature dependence of carbon-13
shifts (13–15), most of them still possess barriers to exchange
which are too high, resulting in line broadening and the emerg-
ing of the spectra of the nonrearranging valence tautomers at
temperatures well above 100 K. The known accelerating effect
of suitably placed cyano groups on the degenerate Cope rear-
rangement of semibullvalene (20) has led us to conceive the
pair of valence tautomers1 (= 1aand1b), which is also useful
in another context (21). It is a stable, crystalline material (m.p.
111–112°C) which can be synthesized in seven steps from
commercially available precursors on a scale of several grams
and handled without special precautions (21, 22). Furthermore,
it is stable in solutions of common organic solvents and suffi-
ciently soluble in mixtures of chlorodifluoromethane and deu-
terated dimethyl ether, which are appropriate for low-temper-
ature NMR spectroscopy. The valence tautomer1a is
somewhat favored over1b. Small samples are available on
request from the first author.

RESULTS

For the study of1 at low temperatures, we employed mix-
tures of chlorodifluoromethane and perdeuterated dimethyl
ether (ca. 3:1 to 4:1) as solvents in order to provide for both
fluorine and deuterium lock, though the latter becomes rather
unsatisfactory at these temperatures (,ca. 130 K), because the
high viscosity of the solvent gives rise to very broad deuterium
resonances. Because the spectrometers used in the present
study unfortunately lacked a fluorine lock, the carbon-13 spec-
tra had to be recorded with a weak lock signal at temperatures
below 130 K. Saturated solutions of1 were prepared by vac-
uum line techniques and kept in sealed 5 mm tubes.

The shift differenceDd between the signals of the quaternary
carbon atoms C6 and C2 of1 increases by no less than 20 ppm
on lowering the temperature from 301 to 104 K. Line broad-
ening due to the slowing down of the chemical exchange is
noticeable but not deleterious below 135 K. Only at 104 K was
the precise determination ofDd precluded by the large line-
width. The signals of the protonated carbon atoms C4 and C8
of 1 behave similarly, except that at low temperatures, the
signal of C4 is obscured by solvent signals and that of C8
disappears in the noise (Fig. 1). These results suggested that a
sensitive secondary standard for very low temperatures might
be based on the differenceDd of the averaged shifts of C6 and
C2 of 1.

Calibration of the new NMR thermometer was performed
with two different samples (A and B) and NMR spectrometers,
and in two different laboratories. Their results show excellent
agreement. All experimental dataDd andTPt are listed in Table
1 together with the temperaturesTcalc calculated fromDd with
the help of Eq. [5], which represents the least squares fit of the
data to the most appropriate of five different equationsT 5
f(Dd) (see later discussion).

The widely used thermocouples possess only a poor sensi-
tivity, e.g., 40mV/K for a copper–constantan thermocouple,
whereas the 100 ohm platinum resistor, driven by 1 mA of
current, has a sensitivity of 400mV/K (5, 23). Hence, the latter
was employed as primary temperature standard in both cali-
bration experiments. Calibration of sample A was carried out
with a calibrated platinum resistance thermometer assembly
whose resistor was inserted into a 5 mmsample tube contain-
ing a mixture of pentane and 2-methylbutane (1:3). The resis-
tance was measured with a high-precision digital multimeter
and converted to temperature with the help of a constant factor,
which was part of the calibration report. The output of a
platinum resistance thermometer is somewhat altered when it is
in the presence of a strong magnetic field. For example, a
typical platinum resistor has an error (DT/T) of 0.08% at 300
K (0.24 K) and 0.65% at 110 K (0.72 K) in a magnetic field of
15 T that parallels the long axis of the resistor (24).

Carbon-13 spectra at 27 different temperatures in the range
between 301 and 104 K were taken on a Bruker DMX 600
spectrometer from the thermally equilibrated sample A without
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proton decoupling and without spinning of the tube. Before and
after recording of each spectrum, the sample was replaced with
the tube containing the platinum resistance thermometer. Tem-
peratures were read off when they remained constant within
0.04 K, which took about 10–15 min. Both values agreed
within 0.1 K in most cases. At five temperatures, differences
between 0.1 and 0.2 K and, at four temperatures, differences
between 0.2 and 0.3 K were observed. Average temperatures,
TPt, are listed in Table 1. A conservative estimate of the error
in TPt is 0.3 K at 300 K and 0.8 K at 110 K.

Calibration with sample B was performed as described for
sample A at 10 different temperatures in the range between
290 and 108 K, except that the proton-coupled carbon-13
spectra were recorded on a Bruker AMX 500 spectrometer
and the temperatures were measured with a platinum resis-
tance thermometer which was inserted in a 5 mmtube filled
with silicon oil.

As the temperatures of the samples were measured in the
absence of a decoupling field, the peak separationsDd were

taken from proton-coupled carbon-13 spectra. Thus, any heat-
ing effects which might be caused by proton decoupling were
excluded. The signals of C2 and C6 in a nondecoupled car-
bon-13 spectrum with a particularly high signal-to-noise ratio,
which was recorded for a saturated solution of1 in deuterodi-
chloromethane at 300.1 K, are narrow, complex, symmetrical
multiplets. While the center of the multiplet of C6 is indicated
by a sharp line, the center of the multiplet of C2 is readily
recognized from a very narrow valley between two lines. At
low temperatures, recording of such spectra was impossible
because of lower solubility, lower resolution due to the inad-
equacy of the deuterium lock, and the need to perform the
measurements within reasonable periods of time. Therefore,
spectra were recorded during the temperature calibration from
less concentrated solutions in chlorodifluoromethane–perdeu-
terated dimethyl ether and hence had a poorer signal-to-noise
ratio. A different method for the recognition of the centers of
the multiplets was therefore required. Toward this end, each
FID was multiplied with an exponential function having a

FIG. 1. 151 MHz carbon-13 spectra recorded for a solution of the rapidly equilibrating valence tautomers1a and 1b in chlorodifluoromethane
(S)/perdeuterated dimethyl ether (L) (4:1) at various temperatures. The numbers refer to the predominating valence tautomer1a. Chemical shifts are calibrated
with the high-field methyl signal (d 5 10.617 ppm relative TMS at 304.1 K), which was taken as temperature-independent.
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TABLE 1
Shift Differences Dd 5 d6 2 d2 in Nondecoupled Carbon-13 Spectra Recorded from Solutions of the Rapidly Equilibrating

Valence Tautomers 1a and 1b, Measured Temperatures TPt, Temperatures Tcalc Calculated from Dd with Eq. [5], and Deviations
DT 5 Tcalc 2 TPt

a

Control setting Dd TPt Tcalc DT Dd{ 1H} T{ 1H} DT{ 1H}

Bruker DMX 600, sample Ab

300.0 16.785 300.9 300.5 20.4
290.0 17.368 288.2 288.1 20.1
280.0 17.844 278.1 278.5 0.4
270.0 18.363 268.0 268.7 0.7
260.0 18.933 258.0 258.5 0.5
250.0 19.528 248.0 248.5 0.5
240.0 20.178 237.8 238.3 0.5
230.0 20.905 227.6 227.7 0.2
220.0 21.717 217.0 216.8 20.2
210.0 22.597 206.2 206.0 20.2
200.0 23.553 195.8 195.3 20.5
190.0 24.536 185.5 185.2 20.3
180.0 25.666 175.0 174.7 20.3
175.0 26.247 169.6 169.7 0.0
170.0 26.876 163.8 164.5 0.6
165.0 27.453 158.9 159.9 1.0 27.409 160.2 0.3
160.0 28.240 154.2 154.0 20.2 28.179 154.4 0.4
155.0 28.810 149.9 149.9 0.0
150.0 29.491 145.1 145.2 0.1
145.0 30.275 140.0 140.1 0.1
140.0 31.132 134.7 134.7 0.0 31.048 135.2 0.5
135.0 32.057 129.3 129.3 20.1 31.949 129.9 0.6
130.0 32.988 124.1 124.1 0.0 32.819 125.0 0.9
125.0 34.203 118.7 117.8 20.8 33.894 119.4 1.6
120.0 35.123 113.6 113.5 20.1 34.954 114.3 0.8
115.0 36.167 108.7 109.1 0.3 35.958 109.9 0.8
110.0c 36.87 103.8 106.5 2.8

Bruker AMX 500, sample Bd

17.326 289.6 289.0 20.6
18.403 269.0 267.9 21.1
19.586 247.9 247.6 20.3
20.978 226.9 226.7 20.2
22.559 206.4 206.5 0.1
24.331 187.5 187.2 20.3
26.526 168.0 167.3 20.7
29.138 147.9 147.6 20.3
32.415 127.2 127.2 0.0
36.437 108.1 108.0 20.1

Heating effect of WALTZ-16 decoupling between 200 and 300 K (Bruker DMX 600, sample Ab)

16.627 304.0 16.622 304.1 0.1
19.699 245.8 19.691 245.9 0.1
22.276 209.9 22.267 210.0 0.1
22.892 202.6 22.877 202.8 0.2

a The influence of proton decoupling with the WALTZ-16 sequence on the temperature of the samples,DT{ 1H} 5 T{ 1H} 2 Tcalc, was determined from
Dd{ 1H} by calculation of the temperatureT{ 1H} with Eq. [5]. Shift differences are given in ppm, and temperatures in kelvins.

b Saturated solution of1 in chlorodifluoromethane–perdeuterated dimethyl ether (ca. 3:1, v/v).
c Not used for the least-squares fit affording Eq. [5].
d Saturated solution of1 in chlorodifluoromethane–perdeuterated dimethyl ether (ca. 4:1, v/v).
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line-broadening factor of 3.0 Hz. Credence was lent to this
procedure by a comparison of the results obtained when the
peak distanceDd in the spectrum from the saturated solution in
deuterodichloromethane was measured after transformation of
the FID without (Dd 5 15.1181 ppm) and with line broadening
(Dd 5 15.1192 ppm). The difference between the results of the
two methods, 0.0011 ppm, compares to the order of magnitude
of the digital resolution (0.00054 ppm/point) and would trans-
late into an error in the temperature of 0.03 K at 300.1 K.

In view of the large temperature range investigated and the
complicated relationship Eq. [3] betweenDd and the equilib-
rium constantK, in which the equilibrium-driven part of the
temperature dependence ofDd is rooted, a simple equationT 5
f(Dd) cannot be anticipated. In fact, neglecting the inherent
temperature dependence of carbon-13 chemical shifts, which is
typically about 0.004 to about 0.02 ppm/K (9, 10), Eq. [4] can
be derived from the temperature dependence ofK, viz. K 5
exp(2DH/RT 1 DS/R):

T 5
2DH

R@ln~d6a 2 d2a 2 Dd! 2 ln~Dd 2 d6b 1 d2b!# 2 DS
.

[4]

Equation [4], which describes an approximate1 theoretical re-
lationship betweenT and Dd, contains no fewer than four

unknown parameters. In order to find a practical and accurate
mathematical relationship betweenT and Dd, we fitted the
experimental data of Table 1 with the least-squares method to
five different equationsT 5 f(Dd), viz., an exponential equa-
tion T 5 a exp[b(Dd/ppm)], a potential equationT 5 a(Dd/
ppm)b, and polynomial equations of the second, third, and
fourth degree. While the fits to the first three equations gave
unacceptable results, a polynomial equation of the third degree
reproduced the experimental data with reasonable accuracy,
i.e., a standard deviations 5 0.77 K and a square of the
correlation coefficientr2 5 0.9998 (25). A significantly better
result was achieved by the fit of the data to a polynomial
equation of the fourth degree, which resulted in the parameters
given in Eq. [5]:

Tcalc 5 1289.6062 115.707~Dd/ppm!

1 4.7751~Dd/ppm!2 2 0.095446~Dd/ppm!3

1 7.4432*1024~Dd/ppm!4 ~K!. [5]

The standard deviation for Eq. [5] iss 5 0.46 K, the square of
the correlation coefficientr2 5 0.9999, and the standard error
(or expected error) (s2/n)1/ 2 5 0.08 K (25), wheren is the
number of values. The experimental data and the curveT 5
f(Dd, calculated according to Eq. [5], are displayed in Fig. 2.

Heating effects in carbon-13 spectroscopy, caused by proton
noise decoupling at high frequencies (270 MHz), have been
studied by Led and Petersen and were found within the uncer-
tainty of their temperature determination in neat solvents, viz.,
pentane,tert-butyl alcohol, and water (26). Heating effects of
WALTZ-16 decoupling at 400 MHz in biological samples have
been reported (27). With a secondary standard for very low
temperatures at hand, we tested the influence of WALTZ-16
decoupling at 600 MHz in that temperature range. Toward this
end, carbon-13 spectra with WALTZ-16 decoupling were re-
corded at 12 different temperatures between 304 and 109 K,
after the spectra had been taken under exactly the same con-
ditions but without decoupling. Peak separationsDd{ 1H} ob-
tained in this way were converted into temperaturesT{ 1H}
with the help of Eq. [5]. The heating effect by WALTZ-16

1 In reality,DH is probablynot independent of the temperature over a range
of 200 K.

TABLE 2
Peak Separations Dd{1H} 5 d6 2 d2 [ppm] in WALTZ-16

Decoupled Carbon-13 Spectra Recorded for Solutions of 1 (23 mg)
in Some Solvents (0.7 ml) at 301.0 K

Solvent Dd{ 1H}

Chlorodifluoromethane, [D6]dimethyl ethera 16.808
[D3]Methanol 16.213
[D3]Acetonitrile 16.141
[D2]Dichloromethane 15.179
[D8]Toluene 14.585

a Sample A; see Table 1.

FIG. 2. Temperature dependence of the carbon-13 chemical shift differ-
enceDd 5 d6 2 d2 of the carbon atoms C6 and C2 of the valence tautomers
1a and1b in the limit of fast exchange. The data points are taken from Table
1; hollow circles stem from sample A, filled circles from sample B. The curve
was calculated with Eq. [5].

240 QUAST ET AL.



decoupling is then given byDT{ 1H} 5 T{ 1H} 2 Tcalc. The
data listed in Table 1 show that under the experimental con-
ditions used in the present study, WALTZ-16 decoupling heats
the sample by 0.1–0.2 K in the temperature range between 200
and 300 K. Below 200 K, the heating effect increases to about
1 K in the lower limit of the temperature range considered.

The solvent dependence of the shift differenceDd of 1 was
briefly investigated at a constant temperature of 301 K. The
shift differences obtained from solutions of1 in five different
solvents are listed in Table 2. A cursory inspection of the data
shows that the influence of the solvents is too large to allow use
of 1 as secondary standard in solvents other than the one
employed in this study, unless such solutions have been cali-
brated with a primary temperature standard.

Finally, we compared the new carbon-13 shift thermometer
1 with Van Geet’s classical secondary standard methanol,
which is the most common proton shift thermometer for tem-
peratures between 175 and 330 K, although somewhat different
parameters have been reported for the quadratic equation re-
lating the temperature to the peak separation (28, 29). Peak
separations in nondecoupled carbon-13 spectra, recorded from
a nonspinning sample of1 (sample A) on two different spec-
trometers (Bruker DMX 600, Bruker AC 200), were converted
into temperaturesT(1) with Eq. [5], while peak separationsDd
in proton spectra that were taken from a methanol calibration
sample at the same spectrometers and under exactly the same
conditions (nitrogen flow, nonspinning samples, setting of the
temperature controller), were used to calculate temperatures
Tmethanolwith the help of Van Geet’s equation Eq. [6] (28).

Tmethanol5 403.02 29.46~Dd/ppm!

2 23.832~Dd/ppm!2 ~K! [6]

Tmethanol5 22.171 1.007T~1! ~K! [7]

The valuesT(1) andTmethanolare depicted in Fig. 3. The 45° line
drawn corresponds to perfect agreement, of course. Satisfactory
agreement is found above 195 K as shown by the correlation
expressed by Eq. [7] (r2 5 0.9998, standard deviations 5 0.73 K,
standard error [s2/n]1/2 5 0.23 K). Only at 187 and 188 K—tem-
peratures which are close to the limit of the applicability of the
methanol standard—do both values differ by 2 K.

DISCUSSION

The carbon-13 shift thermometer described in this study is
the first to be used to measure temperatures from room tem-
perature down to about 100 K. The lower limit, which is due to
early exchange broadening associated with the high frequency
(151 MHz) of the spectrometer employed, should be at even
lower temperatures for spectrometers that operate at lower
frequencies. This becomes evident from a consideration of the
well-known relationship between the rate constant of ex-
change, the exchange broadening, and the peak separation [Hz]

in the absence of exchange (11). Both of our spectrometers
were equipped only with a deuterium lock, which is not very
satisfactory at very low temperatures (,130 K). Hence, use of
a fluorine lock may provide even more accurate data in this
temperature range.

The performance of the new NMR thermometer compares
very favorably with those of the existing low-temperature
NMR thermometers, which are compiled in Table 3 for com-
parison. Most of them are restricted to temperatures above
about 180 K or higher, except the multinuclear shift thermom-
eter by Bornais and Brownstein (entries 2 and 3) for which,
however, only a limited number of calibration data have been
reported. Furthermore, only the temperature dependence of the
fluorine peak separation exhibits an acceptable sensitivity (31).
The sensitivity of the new carbon-13 shift thermometer, ex-
pressed by the sloped(Dd)/dT at 200 K, is surpassed only by
the sensitive temperature dependence of the ytterbium-induced
pseudo-contact shift exploited by Schneider, Freitag, and
Schommer (32) (entry 4). It is gratifying that, in the particu-
larly interesting range of very low temperatures, the sensitivity
of the new shift thermometer still increases up to a value of
0.175 ppm K21 at 110 K. The precision of the measurements
rivals that of the most precise NMR shift thermometers de-
scribed so far (entries 6, 9). On the basis of the standard
deviation of the calibration curve (0.46 K, Eq. [5], Fig. 2) and
the error of platinum resistance thermometers in strong mag-
netic fields (see previous discussion), an error of#1 K can be
estimated. An equilibrium-driven temperature dependence of
chemical shifts may also be observed in proton spectra of1, of
course.1H, 1H coupling and the inherent smaller sensitivity,

FIG. 3. Comparison of Van Geet’s standard methanol (Tmethanol) with 1
T(1)) on two different spectrometers. Hollow circles stem from spectra re-
corded with a Bruker AC 200, filled circles from spectra recorded with a
Bruker DMX 600 spectrometer. The 45° line corresponds to perfect agreement.
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however, give rise to less satisfactory results. The multinuclear
probe heads and the temperature stability of the control units,
common among the modern generation of high-field spectrom-
eters, also allow the use of the new carbon-13 shift thermom-
eter for the temperature calibration of spectra of other nuclei.

CONCLUSION

At temperatures above 180 K, the low temperature car-
bon-13 shift thermometers disclosed in this study may perhaps
not substitute the well-established shift thermometers such as
Van Geet’s methanol sample (28–30) or the triphenylphos-
phine/triphenylphosphine oxide thermometer (37), although
the new thermometer has superior performance in that temper-

ature range. The reason for this is that the latter are currently
more readily available and are honored by long tradition. At
temperatures below 180 K, however, the new thermometer will
provide improved accuracy and reproducibility in variable
temperature NMR studies of rates and equilibria involving very
low energy barriers.

EXPERIMENTAL

Instrumentation. A Bruker DMX 600 spectrometer was
used, equipped with a temperature control assembly B-VT-
2000 (display and control unit BTO-2000-E) and a probe head
heater BMT 05. The cooling system consisted of two con-
nected 25 l containers filled with liquid nitrogen. The gas flow

TABLE 3
Referencing of Low Temperatures (<273 K) Based on Variations of Chemical Shifts (Entries 1–10) and Linewidths (Entry 11)

in NMR Spectra of More Common Nuclei

Composition of the NMR thermometer
Temperature

(K) Nucleus
d(Dd)/dTa

(ppm/K)
Error
(K) Ref.

1 Methanol 175–330 1H 0.007 0.8b (28–30)
2c Dichlorofluoromethane,

hexafluorobenzene, toluene 128–301 1H 0.0012 d (31)
19F 0.0115

3e Dichlorofluoromethane,
hexafluorobenzene, [D8]toluene 138–301 1H 0.0008 d (31)

138–301 19F 0.0111
138–301 13C 0.0044

4 Acetone, TMS, [D6]acetone, carbon
disulfide, trichlorofluoromethane,
Yb(fod)3 204–313 1H 0.088 1.5 (32)

204–313 13C 0.240 1.5
5 Acetone, carbon tetrachloride 190–360 13C 0.019 1.1f (26)
6 Iodomethane, TMS 214–274 13C 0.035 0.35g (33)

0.12h

7 [D4]Methanol 185–297 2H 0.007 i (34, 35)
8 1,1-Dichloro-2,2-difluoroethene,

trichlorofluoromethane,
tetrachloro-1,2-difluoroethane 179–262 19F 0.009 i (36)

9 Triphenylphosphine,
triphenylphosphine oxide,
[D8]toluene 183–343 31P 0.032 0.47g (37)

0.34j

10 1, chlorodifluoromethane,
[D6]dimethyl ether 108–301 13C 0.087 0.46g This work

0.08h

11 Furfural, [D8]tetrahydrofuran 203–283 13C 1f (38)

a Sensitivity at 200 K.
b RMS error of the least-squares fit of theT–Dd data.
c Peak separation method.
d Only 9 calibration data are tabulated for the entire temperature range.
e Absolute frequency method.
f Estimated uncertainty.
g Standard deviations of the least-squares fit of theT vs Dd data.
h Standard error (expected error) (s2/n)1/2.
i Not reported.
j Mean deviation.
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was generated in the first container by an electrical heating
coil, the heating power of which was regulated with the control
unit. In the calibration experiment between 170 and 300 K, we
employed 35% of the maximum heating power. Between 110
and 165 K, 40% was used. The cooling gas passed through a
copper coil immersed in the liquid nitrogen of the second
container before it was heated to the desired temperature at the
probe head. A Bruker AMX 500 spectrometer was also used,
equipped with a temperature control unit B-VT-2000. The
probe head heater was for MAS probe heads. In addition, a
Bruker AC 200 spectrometer was used, equipped with a Bruker
variable temperature unit B-VT-1000.

Temperature measurement.Temperature measurements
were carried out with a 20.3 mm long 2 mm diameter platinum
resistor (Pt-102-77L, serial no. P1814) by Lake Shore
Cryotronics, Inc., 64 East Walnut Street, Westerville, Ohio
43081-2399, USA, connected by an insulated 10 m long Four
Lead, Quad-Twist wire (SMOD-4-QT32-10m) to a tempera-
ture transmitter (231P-230). The assembly was calibrated by
the manufacturer between 77 and 325 K (60.020 K at 100 K
and60.035 K at 300 K). The calibration curve was loaded in
a PROM at the factory (calibration report no. 282605). The
current, which is linearly dependent on the temperature at the
outlet of the temperature transmitter, was measured with a
digital multimeter (Goldstar DM-441B, 41

2
digit) by LG Pre-

cision Co., Ltd., 133, Gongdan, Gumi shi Gyeongsanbuk Do,
730-030, South Korea (sensitivity 1 digit/1023 mA, corre-
sponding to 1 digit/0.016 K) and converted to temperature by
multiplication by the constant factor 16.250 K/mA supplied by
Lake Shore Cryotronics. The platinum resistor was placed at
the height of the receiver coil in a high-precision 5 mm sample
tube (Varian, 507-PP) filled with a mixture of pentane and
2-methylbutane (1:3, ca. 0.5 ml5 5 cm height), and was
supported by a 3 mm PTFE insert. The 10 m wire, which
connected the platinum resistor and the temperature transmit-
ter, was protected by tubing made from silicon rubber.

Calibration of sample A on the Bruker DMX 600 spec-
trometer. When the specific control setting and the value dis-
played at the temperature control unit agreed within 0.1 K, the
tube containing the platinum resistor was allowed to equilibrate
thermally for 15 min. Already after about 10 min, the temperature,
determined with the platinum resistor, remained constant within
0.04 K. The tube with the platinum resistor was exchanged for
sample A, which was also allowed to equilibrate thermally for 15
min. At each temperature, changes of the frequencies of the proton
and carbon-13 channels and in the impedance of the receiver
circuit, which were caused by the variation of the temperature,
were carefully compensated before recording the spectrum. A
nondecoupled carbon-13 spectrum was recorded followed by a
WALTZ-16 decoupled spectrum at certain temperatures (Table
4). Thereafter, the temperature was measured again with the
platinum resistor as described. All spectra were recorded without
spinning of the sample.

A total of 250 transients were acquired with 30° pulses, a
delay time of 5 s, a sweep width of 21,185 Hz, and 65,536
complex data points. Zero filling up to 262,144 data points and
multiplication by an exponential function with a line-broaden-
ing factor of 3.0 Hz was performed before the FID was trans-
formed. The WALTZ-16 decoupled spectra were recorded
under the same conditions using 30° pulses and a delay of 5 s.
Their FIDs were multiplied by an exponential function with a
line-broadening factor of 1.2 Hz.

Calibration of sample B on the Bruker AMX 500 spectrom-
eter. Calibration was performed as described for the DMX
600 spectrometer. Nondecoupled carbon-13 spectra were re-
corded without spinning. In the temperature range of 147.9–
289.6 K, a total of 256 transients were acquired with 75°
pulses, a delay time of 3 s, and a sweep width of 25,000 Hz. At
127.2 and 108.1 K, 512 and 2048 transients, respectively, were
employed.

Comparison of the secondary standards methanol and1 (see
Fig. 3). Nondecoupled carbon-13 spectra were taken for1
with 3000 transients on the Bruker AC 200 and with 250
transients on the Bruker DMX 600 spectrometer with sample
A. The spectra were recorded under the same conditions as
used in the calibration of sample A. Temperatures were calcu-
lated with Eq. [5]. Proton spectra were recorded for a standard
methanol sample by Varian with one pulse, a sweep width of
8992.8 Hz, and 65,536 complex data points (DMX 600) or a
sweep width of 2998.9 Hz and 32,768 complex data points (AC
200). No line-broadening factor was used. Temperatures were

TABLE 4
Chemical Shifts in WALTZ-16 Decoupled Carbon-13 Spectra

Recorded for a Saturated Solution of 1 in Chlorodifluoromethane–
Perdeuterated Dimethyl Ether (ca. 3:1, v/v) at 304.1 K, 187.6 K,
and 109.9 Ka

Temperature 304.1 187.6 109.9 K

C1 54.686 53.857 53.223
C2 66.786 61.395 54.538
C3 115.994 114.652 112.896
C4 98.729 101.758 b

C5 59.913 58.955 58.313
C6 83.409 85.694 90.487
C7 118.309 118.788 119.830
C8 81.436 76.411 c

2-CN 106.350 106.228 b

6-CN 107.342 107.513 b

5-CH3 3.155 2.520 2.011
CH2CH3 11.613 10.921 10.275
CH2CH3 0.000 0.000 0.000

a Chemical shifts are relative to that of the methyl group of the ethyl group
at 304.1 K (d 5 10.617 ppm relative TMS). Chemical shifts that are printedin
italics may be exchanged.

b Hidden under the signals of chlorodifluoromethane.
c The signal is very broad because of slow exchange.
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calculated with Van Geet’s equation [6]. All spectra were
recorded without spinning of the sample.

Solvent dependence of the shift differenceDd. WALTZ-16
decoupled carbon-13 spectra were recorded for solutions of
1 in various solvents on the Bruker DMX 600 spectrometer
at 301.0 K as described in the calibration of sample A. The
temperature was measured with sample A after each spec-
trum.

Preparation of the calibration samples.A high-precision 5
mm tube (Varian 507-PP), charged with1 (40 mg), was at-
tached to a vacuum line with a standard glass joint, evacuated
to 1022 bar, and cooled with liquid nitrogen. Perdeuterated
dimethyl ether was transferred from a steel cylinder into the
tube to give about 0.2 ml of a solid (height 1.5 cm). Subse-
quently, chlorodifluoromethane was transferred from a steel
cylinder into the tube to produce a total height of the solid of
6–7 cm (0.8–1 ml). The tube was evacuated to 1022 bar and
sealed with a torch. The solid solvent mixture was allowed to
thaw very slowlyto afford saturated solutions of1.
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