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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 A& between averaged signals, e.g., d(Ad)/
dT = 0.051 ppm K~ at 300, 0.087 ppm K~ at 200, and 0.175
ppm K~ 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 Aé 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 Aé vs T data to a
polynomial equation of the fourth degree (Eq. [5], r?> = 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 A& 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
spectroscopy; WALTZ-16 decoupling; semibullvalenes; Cope
rearrangement.

INTRODUCTION

The development of modern, sophisticated, high-field NM

match the temperature stability and accuracy of a mode
high-quality temperature controller. Therefore, very low san
ple temperatures have to be measured directly with the help
a calibrated thermocouple or a platinum resistance thermon
ter inserted into either the sample of interest itself or a vel
similar tube that may substitute for the sample. The practic
realization of such direct measurements raises certain techn
difficulties that render them inconvenient, particularly in rou
tine experiments. Therefore, it is desirable to have a preci
and accurate secondary temperature standard for the rang:
100-200 K. The first such standard is described here.
Most NMR thermometers so far reported are based on t
temperature dependence of chemical shifts. Strongly tempe
ture-dependent chemical shifts in carbon-13 spectra have b
reported for certain substituted semibullvalenes that exist a:
pair of different valence tautomers equilibrating rapidly on th
NMR time scale by nondegenerate Cope rearrangemaats (
15) e.g.,1a and 1b. Based on the following considerations, it
should be possible to design semibullvalenes of this type tt
could serve as secondary standards at very low temperatur

spectrometers has solved several of the pernicious problems

that troubled variable-temperature magnetic resonance spec- 4

troscopy in earlier daysl¢3), e.g., insufficient temperature
stability of the probe 4, 5, heating effects by high-power

heteronuclear decouplin@ {8, and temperature gradients in
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the sample g, 10. At the same time, the lower temperature

limit accessible to commercially available spectrometers hasT
been extended down to temperatures as far as about 100c§’
thus allowing the study of chemical exchange involving very

low barriers. While it has long been recognizex] §, 10-12

that uncertainty in the sample temperature is a major source of

he averaged chemical shift of a rapidly exchanging
bonC, is given by

8 = 8iaPa + Sin(1 — pa), (1]

error in the determination of activation parameters, to the best
of our knowledge, no NMR thermometer for very low tempermwhere §;, and 8;, are the chemical shifts in the absence
atures exists, let alone high-precision calibration samples tleachange ang@, the mole fraction of the valence tautonie
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(12). From the expression for the equilibrium const&nt= RESULTS
(1 — py)/p, it follows that
For the study ofl at low temperatures, we employed mix-
tures of chlorodifluoromethane and perdeuterated dimett
8ia + K&y, ether (ca. 3:1 to 4:1) as solvents in order to provide for bo
iT T+ K [2] fluorine and deuterium lock, though the latter becomes rath
unsatisfactory at these temperaturesd. 130 K), because the
high viscosity of the solvent gives rise to very broad deuteriu
and the equilibrium-dependent shift differenk&is then given resonances. Because the spectrometers used in the pre
by study unfortunately lacked a fluorine lock, the carbon-13 spe
tra had to be recorded with a weak lock signal at temperatur
below 130 K. Saturated solutions dfwere prepared by vac-
K(8ep — 820) + 86a — 024 uum line techniques and kept in sealed 5 mm tubes.

- 1+ K : [3] The shift difference\ 6 between the signals of the quaternan
carbon atoms C6 and C2 tfincreases by no less than 20 ppr
on lowering the temperature from 301 to 104 K. Line broac

Equation [3] defines the necessary criteria for effective seening due to the slowing down of the chemical exchange

ondary temperature standards. First, it is evident that the dilsticeable but not deleterious below 135 K. Only at 104 K we

ferenceAs between the averaged shifigands, of two carbon the precise determination @d precluded by the large line-
atoms, i.e., C6 and C2, which are both exchanged betweeidth. The signals of the protonated carbon atoms C4 and (
cyclopropyl and vinyl positions ota and 1b, exhibits a par- of 1 behave similarly, except that at low temperatures, tt

ticularly large temperature dependence because of the ersaghal of C4 is obscured by solvent signals and that of C

mous shift differences between these positions in the absedappears in the noise (Fig. 1). These results suggested th

of exchange, viz.§g, — 8,,anddg, — 85, The same is true for sensitive secondary standard for very low temperatures mig
the pair C4 and C8, of course. In other words, in the case loé based on the differende of the averaged shifts of C6 and

semibullvalenes, the temperature dependence, inher&htin C2 of 1.

not merely reflected il\é but magnified considerably by the Calibration of the new NMR thermometer was performe

size of the shift differences in the absence of exchange. with two different samples (A and B) and NMR spectrometer:

Secondly, Eg. [3] shows that the valueskomust be in the and in two different laboratories. Their results show excelle!
intermediate range. Extreme positions of equilibria, iz agreement. All experimental dat andT,are listed in Table

1 andK < 1, lead to very small measurable temperaturktogether with the temperaturé&s,,. calculated from\é with

dependence ahé. The same is true if the degeneracy is onlthe help of Eq. [5], which represents the least squares fit of t

very slightly disturbed, e.g., by isotopic substitution. Thiglata to the most appropriate of five different equatidns

results inK values very close to 1 and very similar values fof(A5) (see later discussion).

the shift differences in the absence of excharng®19. The widely used thermocouples possess only a poor ser

Although several nondegenerate semibullvalenes meet thésiy, e.g., 40 uV/K for a copper—constantan thermocouple

requirements for large temperature dependence of carbonwlt®reas the 100 ohm platinum resistor, driven by 1 mA c

shifts (13—-15, most of them still possess barriers to exchangrirrent, has a sensitivity of 4QoV/K (5, 23. Hence, the latter

which are too high, resulting in line broadening and the emenrgrias employed as primary temperature standard in both ce

ing of the spectra of the nonrearranging valence tautomersbaation experiments. Calibration of sample A was carried o

temperatures well above 100 K. The known accelerating effegith a calibrated platinum resistance thermometer assemlt

of suitably placed cyano groups on the degenerate Cope remhose resistor was insertedond 5 mmsample tube contain-

rangement of semibullvalen@ has led us to conceive theing a mixture of pentane and 2-methylbutane (1:3). The res
pair of valence tautomefis(2 1aand1lb), which is also useful tance was measured with a high-precision digital multimet
in another contextAl). It is a stable, crystalline material (m.p.and converted to temperature with the help of a constant fact
111-112°C) which can be synthesized in seven steps frevhich was part of the calibration report. The output of

commercially available precursors on a scale of several grapiatinum resistance thermometer is somewhat altered when i

and handled without special precautiof4,(29. Furthermore, in the presence of a strong magnetic field. For example,

it is stable in solutions of common organic solvents and suftiypical platinum resistor has an errakT/T) of 0.08% at 300

ciently soluble in mixtures of chlorodifluoromethane and deuk (0.24 K) and 0.65% at 110 K (0.72 K) in a magnetic field o

terated dimethyl ether, which are appropriate for low-tempet5 T that parallels the long axis of the resista#)(

ature NMR spectroscopy. The valence tautonis is Carbon-13 spectra at 27 different temperatures in the ran

somewhat favored ovetb. Small samples are available orbetween 301 and 104 K were taken on a Bruker DMX 60

request from the first author. spectrometer from the thermally equilibrated sample A withot

A6:66_82
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FIG. 1. 151 MHz carbon-13 spectra recorded for a solution of the rapidly equilibrating valence taut@mensd 1b in chlorodifluoromethane
(S)/perdeuterated dimethyl ether (L) (4:1) at various temperatures. The numbers refer to the predominating valencel ta@bereical shifts are calibrated
with the high-field methyl signalg(= 10.617 ppm relative TMS at 304.1 K), which was taken as temperature-independent.

proton decoupling and without spinning of the tube. Before ataken from proton-coupled carbon-13 spectra. Thus, any he
after recording of each spectrum, the sample was replaced with effects which might be caused by proton decoupling we
the tube containing the platinum resistance thermometer. Teaxcluded. The signals of C2 and C6 in a nondecoupled c:
peratures were read off when they remained constant withinn-13 spectrum with a particularly high signal-to-noise ratic
0.04 K, which took about 10-15 min. Both values agreeahich was recorded for a saturated solutiorilof deuterodi-
within 0.1 K in most cases. At five temperatures, differencehloromethane at 300.1 K, are narrow, complex, symmetric
between 0.1 and 0.2 K and, at four temperatures, differenggsltiplets. While the center of the multiplet of C6 is indicatec
between 0.2 and 0.3 K were observed. Average temperatul®s,a sharp line, the center of the multiplet of C2 is readil
Tp, are listed in Table 1. A conservative estimate of the erroecognized from a very narrow valley between two lines. A
in Tp;is 0.3 K at 300 K and 0.8 K at 110 K. low temperatures, recording of such spectra was impossil
Calibration with sample B was performed as described foecause of lower solubility, lower resolution due to the inac
sample A at 10 different temperatures in the range betweequacy of the deuterium lock, and the need to perform tl
290 and 108 K, except that the proton-coupled carbon-h3asurements within reasonable periods of time. Therefo
spectra were recorded on a Bruker AMX 500 spectrometspectra were recorded during the temperature calibration frc
and the temperatures were measured with a platinum redess concentrated solutions in chlorodifluoromethane—perds
tance thermometer which was insertedai 5 mmtube filled terated dimethyl ether and hence had a poorer signal-to-no
with silicon oil. ratio. A different method for the recognition of the centers c
As the temperatures of the samples were measured in the multiplets was therefore required. Toward this end, ea
absence of a decoupling field, the peak separatiohsvere FID was multiplied with an exponential function having &
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TABLE 1
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Shift Differences A8 = 85 — 8, in Nondecoupled Carbon-13 Spectra Recorded from Solutions of the Rapidly Equilibrating
Valence Tautomers 1a and 1b, Measured Temperatures Tp,, Temperatures T.,,. Calculated from A& with Eq. [5], and Deviations

AT = Tcalc - TPta
Control setting A8 Tor Tearc AT AS{*H} T{H} AT{*H}
Bruker DMX 600, sample A
300.0 16.785 300.9 300.5 -0.4
290.0 17.368 288.2 288.1 -0.1
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 -0.2
210.0 22.597 206.2 206.0 -0.2
200.0 23.553 195.8 195.3 -0.5
190.0 24.536 185.5 185.2 -0.3
180.0 25.666 175.0 174.7 -0.3
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 -0.2 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 -0.1 31.949 129.9 0.6
130.0 32.988 124.1 1241 0.0 32.819 125.0 0.9
125.0 34.203 118.7 117.8 -0.8 33.894 119.4 1.6
120.0 35.123 113.6 113.5 -0.1 34.954 114.3 0.8
115.0 36.167 108.7 109.1 0.3 35.958 109.9 0.8
110.0 36.87 103.8 106.5 2.8
Bruker AMX 500, sample B
17.326 289.6 289.0 —0.6
18.403 269.0 267.9 -1.1
19.586 247.9 247.6 -0.3
20.978 226.9 226.7 -0.2
22.559 206.4 206.5 0.1
24.331 187.5 187.2 -0.3
26.526 168.0 167.3 -0.7
29.138 147.9 147.6 -0.3
32.415 127.2 127.2 0.0
36.437 108.1 108.0 -0.1
Heating effect of WALTZ-16 decoupling between 200 and 300 K (Bruker DMX 600, sample A
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

@The influence of proton decoupling with the WALTZ-16 sequence on the temperature of the sakTjl#d} = T{*H} — T.,, Was determined from
A8{*H} by calculation of the temperaturg{ *H} with Eq. [5]. Shift differences are given in ppm, and temperatures in kelvins.

b Saturated solution of in chlorodifluoromethane—perdeuterated dimethyl ether (ca. 3:1, v/v).
®Not used for the least-squares fit affording Eq. [5].
d Saturated solution df in chlorodifluoromethane—perdeuterated dimethyl ether (ca. 4:1, viv).
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15 20 25 30 35 unknown parameters. In order to find a practical and accure
SR L L L mathematical relationship betwednand As, we fitted the
300 |- 4300 experimental data of Table 1 with the least-squares method

1 five different equation§ = f(A#5), viz., an exponential equa-
tion T = a exp[b(A8/ppm)], a potential equatiom = a(Ad/
ppm)°, and polynomial equations of the second, third, an

250  fourth degree. While the fits to the first three equations ga
unacceptable results, a polynomial equation of the third degr
reproduced the experimental data with reasonable accura
i.e., a standard deviationr = 0.77 K and a square of the

s00  correlation coefficient® = 0.9998 @5). A significantly better
result was achieved by the fit of the data to a polynomi
equation of the fourth degree, which resulted in the paramett
given in Eq. [9]:

250

PR U

200 7

P T |

150 — - 150
[ Teac = 1289.606— 115.707A8/ppm)

4 2 _ 3
[ A5/ ppm —— + 4.775XA8/ppm)® — 0.095446A5/ppm)

F70[0 ) MSPRNUPURFIN SR BT U S T + 7.4432*10%As/ppm)*  (K). [5]
15 20 25 30 35

FIG. 2. Temperature dependence of the carbon-13 chemical shift diffeFhe standard deviation for Eq. [5] is= 0.46 K, the square of
enceAd = 8, — &, of the carbon atoms C6 and C2 of the valence tautomethie correlation coefficient® = 0.9999, and the standard error
laand1lb irl the limit of fast exchange.'The dgta points are taken from Tabbbr expected error)o(Z/n)l’Z = 0.08 K (25), wheren is the
1; hollow circles ;tem from sample A, filled circles from sample B. The curVﬁumber of values. The experimental data and the ciirve
was calculated with Eq. [5]. . . . .

f(AS, calculated according to Eq. [5], are displayed in Fig. 2
Heating effects in carbon-13 spectroscopy, caused by prot
line-broadening factor of 3.0 Hz. Credence was lent to thiwise decoupling at high frequencies (270 MHz), have be
procedure by a comparison of the results obtained when #igdied by Led and Petersen and were found within the unc
peak distancés in the spectrum from the saturated solution itainty of their temperature determination in neat solvents, vi:
deuterodichloromethane was measured after transformatiorpentanetert-butyl alcohol, and water2g). Heating effects of
the FID without A8 = 15.1181 ppm) and with line broadening??ALTZ-16 decoupling at 400 MHz in biological samples have
(A8 = 15.1192 ppm). The difference between the results of theen reported27). With a secondary standard for very low
two methods, 0.0011 ppm, compares to the order of magnituggperatures at hand, we tested the influence of WALTZ-:
of the digital resolution (0.00054 ppm/point) and would tranglecoupling at 600 MHz in that temperature range. Toward th
late into an error in the temperature of 0.03 K at 300.1 K. end, carbon-13 spectra with WALTZ-16 decoupling were re

In view of the large temperature range investigated and taerded at 12 different temperatures between 304 and 109
complicated relationship Eq. [3] betwedd and the equilib- after the spectra had been taken under exactly the same ¢
rium constant, in which the equilibrium-driven part of the ditions but without decoupling. Peak separatia&{ *H} ob-
temperature dependenceidd is rooted, a simple equatidh=  tained in this way were converted into temperatuf¢sH}
f(A8) cannot be anticipated. In fact, neglecting the inherewith the help of Eq. [5]. The heating effect by WALTZ-16
temperature dependence of carbon-13 chemical shifts, which is
typically about 0.004 to about 0.02 ppm/B, (10, Eq. [4] can

be derived from the temperature dependenc& ofiz. K = Peak Separations A a{lH‘}rABLSE 2 5, [ppm] in WALTZ-16
1 = —_ 1 -
— + : ® ded £ -
exp(—AH/RT + AS/R) Decoupled Carbon-13 Spectra Recorded for Solutions of 1 (23 mg)

in Some Solvents (0.7 ml) at 301.0 K

—AH
T = RIN(5gs — 5,0 — A8) — IN(AS — bgy + 5,)] — AS' Solvent AB{H)

4
[ ] Chlorodifluoromethane, [dimethyl ethef 16.808
. . . . . Dz]Methanol 16.213
Equation [4], which describes an approximiatieeoretical re- {DjAfetjnr}fr”e 16.141
lationship betweenT and A§, contains no fewer than four [D,]Dichloromethane 15.179
[Dg]Toluene 14.585

1 In reality, AH is probablynotindependent of the temperature over a range
of 200 K. 2 Sample A; see Table 1.
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decoupling is then given by T{*H} = T{*H} — T,y The 200 250 300
data listed in Table 1 show that under the experimental con- L t
ditions used in the present study, WALTZ-16 decoupling heats300 - 7 7] 300
the sample by 0.1-0.2 K in the temperature range between 200 | e
and 300 K. Below 200 K, the heating effect increases to about | .
1 K in the lower limit of the temperature range considered. it
The solvent dependence of the shift differeddof 1 was [ .
briefly investigated at a constant temperature of 301 K. The [ .7
shift differences obtained from solutions bin five different 250 | . - 250
solvents are listed in Table 2. A cursory inspection of the data | y
shows that the influence of the solvents is too large to allow use | Tetanal e
of 1 as secondary standard in solvents other than the one .
employed in this study, unless such solutions have been cali- [ P
brated with a primary temperature standard. i »
Finally, we compared the new carbon-13 shift thermometerqo ¢ 200
1 with Van Geet's classical secondary standard methanol, | -~ r
which is the most common proton shift thermometer for tem- ,’°'l L (1.) oy
peratures between 175 and 330 K, although somewhat different 200 250 300
pa_rameters have been reported for the qua_dratic equation r%TG 3. Comparison of Van Geet's standard metharigh.. J with 1
lating the temperature to the peak separatip8, 9. Peak Ty) o'n iwo different spectrometers. Hollow circles stem fl;g?n spectra re
separations in nondecoupled carbon-13 spectra, recorded fi@fed with a Bruker AC 200, filled circles from spectra recorded with
a nonspinning sample df (sample A) on two different spec- Bruker DMX 600 spectrometer. The 45° line corresponds to perfect agreeme
trometers (Bruker DMX 600, Bruker AC 200), were converted
into temperatures ;, with Eq. [5], while peak separationsd
in proton spectra that were taken from a methanol calibratiom the absence of exchang#lj. Both of our spectrometers
sample at the same spectrometers and under exactly the same equipped only with a deuterium lock, which is not ver
conditions (nitrogen flow, nonspinning samples, setting of tteatisfactory at very low temperatures 130 K). Hence, use of
temperature controller), were used to calculate temperatueefiuorine lock may provide even more accurate data in th
TmethanoWith the help of Van Geet's equation Eq. [&]§). temperature range.
The performance of the new NMR thermometer compare
Tmethano= 403.0— 29.46A8/ppm) very favorably with those of the existing low-temperature
NMR thermometers, which are compiled in Table 3 for comr
—23.83248/ppm*  (K) [6] parison. Most of them are restricted to temperatures abo
Thethano= —2.17+ 1.007Ty,  (K) [7] about 180 K or higher, except the multinuclear shift thermon
eter by Bornais and Brownstein (entries 2 and 3) for whicl
The valuesT,;y and T emancidre depicted in Fig. 3. The 45° line however, only a limited number of calibration data have bee
drawn corresponds to perfect agreement, of course. Satisfact&fjorted. Furthermore, only the temperature dependence of
agreement is found above 195 K as shown by the correlatiiorine peak separation exhibits an acceptable sensiti®iy (
expressed by Eq. [7t% = 0.9998, standard deviatien= 0.73K, The sensitivity of the new carbon-13 shift thermometer, e:
standard errord?/n]*’? = 0.23 K). Only at 187 and 188 K—tem- pressed by the slop#(A5)/dT at 200 K, is surpassed only by
peratures which are close to the limit of the applicability of théhe sensitive temperature dependence of the ytterbium-induc

1
AN
|

methanol standard—do both values differ by 2 K. pseudo-contact shift exploited by Schneider, Freitag, al
Schommer 32) (entry 4). It is gratifying that, in the particu-
DISCUSSION larly interesting range of very low temperatures, the sensitivi

of the new shift thermometer still increases up to a value «
The carbon-13 shift thermometer described in this study @s175 ppm K * at 110 K. The precision of the measurement
the first to be used to measure temperatures from room temwals that of the most precise NMR shift thermometers de
perature down to about 100 K. The lower limit, which is due tecribed so far (entries 6, 9). On the basis of the stands
early exchange broadening associated with the high frequemgyiation of the calibration curve (0.46 K, Eq. [5], Fig. 2) anc
(151 MHz) of the spectrometer employed, should be at evére error of platinum resistance thermometers in strong ma
lower temperatures for spectrometers that operate at lowetic fields (see previous discussion), an erro=afK can be
frequencies. This becomes evident from a consideration of th&imated. An equilibrium-driven temperature dependence
well-known relationship between the rate constant of exhemical shifts may also be observed in proton spectda aoff
change, the exchange broadening, and the peak separation fizirse.*H, *H coupling and the inherent smaller sensitivity
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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

Temperature d(Ad)/dT* Error
Composition of the NMR thermometer (K) Nucleus (ppm/K) (K) Ref.
1 Methanol 175-330 H 0.007 0.8 (28-30
2° Dichlorofluoromethane,
hexafluorobenzene, toluene 128-301 H 0.0012 d 31
19 0.0115
3° Dichlorofluoromethane,
hexafluorobenzene, [Roluene 138-301 H 0.0008 d 31
138-301 19 0.0111
138-301 BC 0.0044
4  Acetone, TMS, [RQlacetone, carbon
disulfide, trichlorofluoromethane,
Yb(fod)s 204-313 H 0.088 15 82
204-313 3¢ 0.240 15
5 Acetone, carbon tetrachloride 190-360 3c 0.019 11 (26)
6 lodomethane, TMS 214-274 5c 0.035 0.38 (33
0.12
7 [D,]Methanol 185-297 H 0.007 i (34,39

8 1,1-Dichloro-2,2-difluoroethene,

trichlorofluoromethane,

tetrachloro-1,2-difluoroethane 179-262 ¢ 0.009 i (36)
9 Triphenylphosphine,

triphenylphosphine oxide,

[Dgltoluene 183-343 31p 0.032 0.49 (37
0.34
10 1, chlorodifluoromethane,
[Dgldimethyl ether 108-301 3c 0.087 0.48 This work
0.08
11  Furfural, [DQjtetrahydrofuran 203-283 Bc 1 (39

2 Sensitivity at 200 K.

b RMS error of the least-squares fit of tiieAs data.

¢ Peak separation method.

9 0Only 9 calibration data are tabulated for the entire temperature range.
¢ Absolute frequency method.

f Estimated uncertainty.

9 Standard deviatiow of the least-squares fit of the vs A data.

h Standard error (expected erron?(n)*2

" Not reported.

I Mean deviation.

however, give rise to less satisfactory results. The multinuclesture range. The reason for this is that the latter are curren
probe heads and the temperature stability of the control unitsore readily available and are honored by long tradition. £
common among the modern generation of high-field spectrotemperatures below 180 K, however, the new thermometer w
eters, also allow the use of the new carbon-13 shift thermoprovide improved accuracy and reproducibility in variabl
eter for the temperature calibration of spectra of other nucléamperature NMR studies of rates and equilibria involving vel
low energy barriers.
CONCLUSION

EXPERIMENTAL
At temperatures above 180 K, the low temperature car-
bon-13 shift thermometers disclosed in this study may perhapdnstrumentation. A Bruker DMX 600 spectrometer was
not substitute the well-established shift thermometers suchus®d, equipped with a temperature control assembly B-V
Van Geet’'s methanol sampl8-3Q or the triphenylphos- 2000 (display and control unit BTO-2000-E) and a probe he:
phine/triphenylphosphine oxide thermomet&7)( although heater BMT 05. The cooling system consisted of two cor
the new thermometer has superior performance in that tempeected 25 | containers filled with liquid nitrogen. The gas flov
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was generated in the first container by an electrical heating TABLE 4

coil, the heating power of which was regulated with the control Chemical Shifts in WALTZ-16 Decoupled Carbon-13 Spectra
unit. In the calibration experiment between 170 and 300 K, weecorded for a Saturated Solution of 1 in Chlorodifluoromethane—
employed 35% of the maximum heating power. Between 1fgrdeuterated Dimethyl Ether (ca. 3:1, v/v) at 304.1 K, 187.6 K,
and 165 K, 40% was used. The cooling gas passed througf'g 109-2 K*

copper coil immersed in the liquid nitrogen of the secont,;iempen,j1ture 304.1 1876 109.9 K
container before it was heated to the desired temperature at-the
probe head. A Bruker AMX 500 spectrometer was also used¢1 54.686 53.857 53.223
equipped with a temperature control unit B-VT-2000. The €2 66.786 61.395 54.538
o 3 115.994 114.652 112.896
probe head heater was for MAS probe heads. In addition, 98.729 101758 o
Bruker AC 200 spectrometer was used, equipped with a Brukegg 50.913 58.955 58.313
variable temperature unit B-VT-1000. c6 83.409 85.694 90.487
Temperature measurementTemperature measurements cr 1;?222 1712'fo 119.830
were carried out with a 20.3 mm long 2 mm diameter platinum,_cy, 106.350 106.228 b
resistor (Pt-102-77L, serial no. P1814) by Lake Shores-cN 107.342 107.513 b
Cryotronics, Inc., 64 East Walnut Street, Westerville, Ohio5-CH; 3.155 2.520 2011
43081-2399, USA, connected by an insulated 10 m long FoufHzCHs 11.613 10.921 10.275

Lead, Quad-Twist wire (SMOD-4-QT32-10m) to a tempera- CH-CHs 0.000 0.000 0.000

ture transmitter (231P-230). The assembly was calibrated by chemical shifts are relative to that of the methyl group of the ethyl grou
the manufacturer between 77 and 325x0(020 K at 100 K at 304.1 K § = 10.617 ppm relative TMS). Chemical shifts that are pririted
and+0.035 K at 300 K). The calibration curve was loaded iffalics may be exchanged. '
a PROM at the factory (calibration report no. 282605). The_ Hidden under the signals of chlorodifluoromethane.

. . °The signal is very broad because of slow exchange.
current, which is linearly dependent on the temperature at the
outlet of the temperature transmitter, was measured with a

digital multimeter (Goldstar DM-441B, ?digit) by LG Pre-

cision Co,, Ltd., 133, Gongdan, Gumi shi Gyeongsanbuk Do, a tota| of 250 transients were acquired with 30° pulses,
730-030, South Korea (sensitivity 1 digit/1d mA, corre- delay time of 5 s, a sweep width of 21,185 Hz, and 65,57
sponding to 1 digit/0.016 K) and converted to temperature ke data points. Zero filling up to 262,144 data points ar
multiplication by the constant factor 16.250 K/mA supplied by, tiplication by an exponential function with a line-broaden
Lake Shore Cryotronics. The platinum resistor was placed gl factor of 3.0 Hz was performed before the FID was tran:
the height of the receiver coil in a high-precision 5 mm sampigymed. The WALTZ-16 decoupled spectra were recorde
tube (Varian, 507-PP) filled with a mixture of pentane angnder the same conditions using 30° pulses and a delay of :
2-methylbutane (1:3, ca. 0.5 mk 5 cm height), and was Theijr FIDs were multiplied by an exponential function with ¢
supported  a 3 mmPTFE insert. The 10 m wire, which |ine-proadening factor of 1.2 Hz.
connected the platinum r§5|stor and the tg_mperature transmite o ib ovion of sample B on the Bruker AMX 500 spectrorr
ter, was protected by tubing made from silicon rubber.  oter  Calibration was performed as described for the DM
Calibration of sample A on the Bruker DMX 600 spec600 spectrometer. Nondecoupled carbon-13 spectra were
trometer. When the specific control setting and the value digorded without spinning. In the temperature range of 147.¢
played at the temperature control unit agreed within 0.1 K, ti#89.6 K, a total of 256 transients were acquired with 7&
tube containing the platinum resistor was allowed to equilibrapeilses, a delay time of 3 s, and a sweep width of 25,000 Hz. .
thermally for 15 min. Already after about 10 min, the temperatur&27.2 and 108.1 K, 512 and 2048 transients, respectively, we
determined with the platinum resistor, remained constant witrémployed.
0.04 K. The tube with the platinum resistor was exchanged fOFComparison of the secondary standards methanollafste
sample A, which was also allowed to equilibrate thermally for 16ig. 3). Nondecoupled carbon-13 spectra were takenifor
min. At each temperature, changes of the frequencies of the proidth 3000 transients on the Bruker AC 200 and with 25
and carbon-13 channels and in the impedance of the receitransients on the Bruker DMX 600 spectrometer with samp
circuit, which were caused by the variation of the temperatur®, The spectra were recorded under the same conditions
were carefully compensated before recording the spectrum.uéed in the calibration of sample A. Temperatures were calc
nondecoupled carbon-13 spectrum was recorded followed byated with Eq. [5]. Proton spectra were recorded for a standa
WALTZ-16 decoupled spectrum at certain temperatures (Tabfeethanol sample by Varian with one pulse, a sweep width
4). Thereafter, the temperature was measured again with 8892.8 Hz, and 65,536 complex data points (DMX 600) or
platinum resistor as described. All spectra were recorded withauteep width of 2998.9 Hz and 32,768 complex data points (A
spinning of the sample. 200). No line-broadening factor was used. Temperatures we
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calculated with Van Geet's equation [6]. All spectra werél
recorded without spinning of the sample.

Solvent dependence of the shift differeAée  WALTZ-16 12

decoupled carbon-13 spectra were recorded for solutions,gf
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cylinder into the tube to produce a total height of the solid aP
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sealed with a torch. The solid solvent mixture was allowed to
thaw very slowlyto afford saturated solutions af 21

22
23
We are indebted to Professor Lloyd M. Jackman, Pennsylvania State Uni-

versity, for careful language polishing. Financial support by the Fonds der
Chemischen Industrie, Frankfurt am Main, is gratefully acknowledged. 24

ACKNOWLEDGMENTS

REFERENCES 25
26
1. F. A. L. Anet, Variable temperature **C NMR, in “Topics in Car- 27
bon-13 NMR Spectroscopy” (G. C. Levy, Ed.), Vol. 3, pp. 79-83,
Wiley-Interscience, New York (1980). 28
2. M. L. Martin, G. J. Martin, and J.-J. Delpuech, “Practical NMR 29
Spectroscopy,” pp. 330-345, Heyden, London (1980).
3. J. Sandstrom, “Dynamic NMR Spectroscopy,” Academic Press, 30
London (1982).
4. R. L. Vold and R. R. Vold, J. Magn. Reson. 55, 78-87 (1983). 31
5. T. C. Farrar, E. Sidky, and J. D. Decatur, J. Magn. Reson. 86, 32
605-612 (1990).
6. A.J. Shaka, J. Keeler, T. Frenkiel, and R. Freeman, J. Magn. Reson. 33
52, 335-338 (1983).
7. A. J. Shaka, J. Keeler, and R. Freeman, J. Magn. Reson. 53, 34
313-340 (1983). 35
8. A. Allerhand, R. E. Addleman, D. Osman, and M. Dohrenwend, J. 36
Magn. Reson. 65, 361-363 (1985).
9. A. Allerhand, R. E. Addleman, and D. Osman, J. Am. Chem. Soc. 37
107, 5809-5810 (1985). 38
10. S. R. Maple and A. Allerhand, J. Magn. Reson. 66, 168-171 (1986).

176-177 (1982)
. H.-O. Kalinowski, Nachr. Chem. Tech. Lab. 32, 874-881 (1984).

. R. Askani, H.-O. Kalinowski, and B. Weuste, Tetrahedron Lett. 25,
2321-2324 (1984).

. H. U. Siehl, Adv. Phys. Org. Chem. 23, 63-163 (1987).

. H. Quast, J. Christ, E.-M. Peters, K. Peters, and H. G. von Schner-
ing, Chem. Ber. 118, 1154-1175 (1985).

. M. Dohle, J. Manz, G. K. Paramonov, and H. Quast, Chem. Phys.
197, 91-97 (1995).

. A. Witzel, Dissertation, University of Wirzburg (1994).

. J. V. Nicholas and D. R. White, “Traceable Temperatures,” chapter
6 and 7, DSIR Science Information Division, Wellington, New Zea-
land (1982).

. B. L. Brandt, L. G. Rubin, and H. H. Sample, Rev. Sci. Instrum. 59,
642-645 (1988).

. L. Sachs, “Angewandte Statistik,” 7th ed., Springer, Berlin (1992).
. J. L. Led and S. B. Petersen, J. Magn. Reson. 32, 1-17 (1978).

. W. A. Bubb, K. Kirk, and P. W. Kuchel, J. Magn. Reson. 77,
363-368 (1988).

. A. L. Van Geet, Anal. Chem. 42, 679-680 (1970).

. D. S. Raiford, C. L. Fisk, and E. D. Becker, Anal. Chem. 51,
2050-2051 (1979).

. C. Ammann, P. Meier, and A. E. Merbach, J. Magn. Reson. 46,
319-321 (1982).

. J. Bornais and S. Brownstein, J. Magn. Reson. 29, 207-211 (1978).

. H. J. Schneider, W. Freitag, and M. Schommer, J. Magn. Reson.
18, 393-395 (1975).

. D. W. Vidrine and P. E. Peterson, Anal. Chem. 48, 1301-1303
(1976).

. E. W. Hansen, Anal. Chem. 57, 2993-2994 (1985).

. K. Roth, Magn. Reson. Chem. 25, 429-431 (1987).

. R. A. Newmark and R. E. Graves, J. Phys. Chem. 72, 4299-4303
(1968).

. F. L. Dickert and S. W. Hellmann, Anal. Chem. 52, 996-998 (1980).

. S. Combrisson and T. Prange, J. Magn. Reson. 19, 108-110
(1975).



