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Abstract

The chemical shift of tetramethylsilane (TMS) is usually taken to be zero. However, it does vary slightly with temperature, having
obvious implications for studies of temperature effects on chemical shifts. In this work, we measure the variation in the chemical
shift of TMS with temperature in three solvents, CDCl3, CD3OD, and DMSO-d6, relative to the resonant frequency of 3He gas,
which can be reasonably assumed to be temperature independent. In all three solvents, the average temperature coefficient over
a wide temperature range is about �6 · 10�4 ppm/�C, a factor of five smaller than that previously reported in the literature. Data
are included for 3He resonance frequencies over a temperature range of �110 to +180 �C, along with new measurements of volume
magnetic susceptibilities of the three solvents and estimates of their temperature dependence. A novel method is used to provide
temperature measurement via 2H resonances of methanol and ethylene glycol samples, which can concurrently be used for field/fre-
quency locking.
Published by Elsevier Inc.
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1. Introduction

Tetramethylsilane (TMS) is widely used as a reference
for measuring proton chemical shifts and, in dilute solu-
tion, has been recommended by the International Union
of Pure and Applied Chemistry (IUPAC) as a universal
reference for all nuclides [1]. When data obtained at dif-
ferent sample temperatures are compared, the implicit
assumption is often made that the chemical shift of
TMS does not vary with temperature, but that assump-
tion has no theoretical basis.

Direct measurement of frequency and magnetic field
cannot be achieved to anything near an accuracy of
0.001 ppm so indirect methods are required to compare
chemical shifts under varying physical conditions. The
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‘‘absolute’’ temperature dependence of the chemical
shift of TMS and several solvents used as field-frequency
locks was first investigated in 1973 by Jameson and
Jameson [2]. They described an experiment by Meinzer
[3] to use a capillary containing a reference material
placed outside the Dewar containing the sample in order
to maintain a fixed reference as sample temperature var-
ied. However, the results were found to be critically
dependent on the exact location of the capillary, and
the method appeared to be impractical in obtaining reli-
able results. As an alternative, the Jamesons reasoned
that the chemical shift of a monatomic gas at low pres-
sure should be independent of temperature, since there
are no vibrational or rotational modes to excite, and
the effect of collisions could be negated by extrapolation
of the data to zero pressure.

In a pioneering experiment [2], they measured the res-
onance frequency of 129Xe as a function of temperature
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and pressure (20–120 amagats—atmospheres at 0 �C at
constant volume) relative to TMS and relative to several
lock solvents, contained in an annular space surround-
ing the xenon sample. They fitted their data, extrapolat-
ed to zero pressure, over a temperature range of �33 to
+27 �C, to a quadratic. They recognized that the volume
magnetic susceptibility of TMS would vary with temper-
ature, but they ignored what they felt was a small effect.
This work was extended to lower pressures by Jameson
et al. [4], but again the effect of magnetic susceptibility
was not taken into account.

In 1982, Grant and co-workers [5] measured the mag-
netic susceptibility of neat TMS over the range 20 to
�60 �C and used those data to correct the results of
Jameson et al. [4]. They extended the work to the 13C
resonance of TMS. For the 1H resonance, their data fit-
ted a quadratic equation well, and they found that the
TMS chemical shift moved 0.267 ppm to lower frequen-
cy as temperature increased from �60 to +20 �C. This
represented an average temperature coefficient of
�3.3 · 10�3 ppm/deg over this range.

A task group is currently conducting an IUPAC pro-
ject to extend the recommendations of 2001 [1] to account
for effects of solvent, temperature, magnetic susceptibili-
ty, and various solid-state effects [6]. After reviewing the
previous work on temperature dependence, we conclud-
ed that a further experimental study was desirable
because of several limitations in the earlier work:

• The published results refer to neat TMS, whereas the
IUPAC recommendation [1] is for a solution of TMS
in CDCl3 at a volume fraction of 1% or less.

• The chemical shift of 129Xe is known to be very sen-
sitive to its environment [7] because of the high polar-
izability of the Xe atom. Moreover, Jameson et al. [4]
measured 129Xe at concentrations of 3–28 amagats.
As 129Xe has a chemical shift pressure dependence
of 0.548 ppm/amagat [7], this required an extrapola-
tion of more than 1.6 ppm from the lowest measured
pressure in order to observe an effect of about
0.2 ppm over an 80 �C temperature range. Although
extrapolation of the data to zero pressure should, in
principle, eliminate the effects of collisions, the intro-
duction of inaccuracies in the extrapolation would be
minimized by using 3He, where a low polarizability
and a chemical shift sensitivity to environment 2
orders of magnitude less than xenon [8] should great-
ly reduce molecular interactions.

• Although the earlier studies were carried out carefully,
they relied on the state-of-the-art spectrometers oper-
ating at 90 or 100 MHz for 1HNMR. Current technol-
ogy should lead to more precise and accurate results.

• The highest temperature was limited to the boiling
point of neat TMS, whereas for TMS in CDCl3 and
other solvents, measurements could be made over a
wider temperature range.
Accordingly, we have determined the 1H chemical
shift of TMS in CDCl3, CD3OD, and DMSO-d6 relative
to the 3He chemical shift in helium gas over a wide tem-
perature range. Because it was not possible to measure
1H and 3He spectra in a single probe, our approach
was to measure the 3He resonance in a coaxial sample
tube with an external deuterium lock (DMSO-d6 or
the methyl resonance of CD3OD) in one probe, then
measure the 1H resonance of TMS in CDCl3, CD3OD
or DMSO-d6 relative to the same lock substances in
another probe. Finally, a correction was applied for
the magnetic susceptibility of the TMS solution. Suscep-
tibility effects for the lock substances cancelled in the
two experiments.

As described below, we find an average temperature
coefficient of about �6 · 10�4 ppm/deg for the 1H
chemical shift of TMS in each of the three solutions.
This is a factor of five smaller than that previously
reported for neat TMS [5], based on the xenon data
[4].
2. Experimental

2.1. Instrumentation

NMR measurements were made on a Bruker DRX
400 spectrometer (1H TMS resonance 400.13 MHz).
1H NMR was measured using a 5 mm BBI probe and
3He measurements were made using a similar BBI probe
taken from a 300 MHz spectrometer, tuned to the heli-
um frequency of the 400 MHz spectrometer
(304.816 MHz) and the BB channel for lock [9]. 2H
NMR was measured using both probes. The assumed
deuterium shifts for the solutions were as provided by
the spectrometer manufacturer relative to a basic fre-
quency of 61.42239123 MHz at 0 ppm. All the 1H and
3He spectra were acquired with deuterium lock to the
methyl of methanol-d4 at 61.42259392 MHz (basic fre-
quency +3.30 ppm) or DMSO-d6 at 61.42254417 MHz
(basic frequency +2.49 ppm). All samples were spun at
20 Hz to reduce instability arising from convection
[10,11] and allowed to equilibrate for at least 15 min be-
fore acquisition. The helium probe could not be tuned to
400 MHz proton, so temperature calibration had to be
achieved with deuterium spectra of methanol-d4 and eth-
ylene glycol (natural abundance deuterium). 3He spectra
were acquired with a single pulse for the 2.2 amagat
sample. A 90� 3He pulse duration was achieved in
6.5 ls. The natural line-width of the resulting signal
was about 1 Hz and with 1 Hz line broadening the sig-
nal-to-noise was about 90:1. For low-pressure samples,
up to 256 pulses were acquired (90� pulse, 3.5 s acquisi-
tion time) to provide adequate S/N. These non-optimum
pulse parameters were chosen on the basis of a prelimin-
ary inversion-recovery measurement that indicated a
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very short T1. However, the true relaxation time was lat-
er found to be quite long, approximately 1000 s, by
observing the buildup of signal arising from small angle
(5�) excitation as a function of the time after insertion
into the magnet.

2.2. Sample tubes

Samples were measured in a 5 mm tube containing a
sealed 4 mm tube attached to a 3 mm tube (Fig. 1). In
some samples, the tube was closed in the middle with
solid glass. The lock and temperature calibration solvent
or mixture was in the outer tube while the 3He gas or
TMS in CDCl3, DMSO-d6 or CD3OD was sealed in
the inner tube. For high-pressure samples, the tubes
were annealed and tested in an oil bath before being
inserted into the spectrometer to reduce the risk of dam-
aging the instrument.

The shape of the tubes affects the shape factor and
hence the magnetic susceptibility correction by as much
Fig. 1. Sample tube arrangement, with dimensions of inner tubes given
below. See text for definitions of distances a–e.

Sample a

(mm)
b

(mm)
c

(mm)
d

(mm)
e

(mm)
V0

(lL)
Closed

Helium 1 20 55 — 108 1.4 No
Helium 2 20 56 — 106 4.5 Yes
CDCl3 1 20 54 62.3 100 0.7 160.9 No
CDCl3 2 20 57 45.6 108 4.5 93.3 Yes
DMSO-d6 20 61.5 52.4 109 1.1 116.4 No
CD3OD 20 59.6 49.4 111 5.6 99.4 Yes
as 0.012 ppm. Therefore it is important to record the
shape of the tube. For the inner tube, the inner diame-
ters were 1.70 and 2.48 mm and the outer diameters were
2.94 and 4.06 mm for the lower and upper parts, respec-
tively. The first helium sample had a concentration of
2.2 amagats and was used for whole temperature range.
Another similar low-pressure helium sample was used to
determine pressure dependence, which was found to be
negligible. The second helium sample was closed in the
middle to check for the effect on resonant frequency of
convection at high temperatures, an effect that was also
found to be negligible. The first CDCl3 sample was used
for temperatures up to 70 �C. The second CDCl3 tube
and the CD3OD sample, closed at the center, were used
for higher temperatures so that the liquid would not
evaporate to the top of the tube. For these tubes closed
at the center, the sample was introduced from the bot-
tom, and the resultant seal added about 5 mm glass
thickness, as indicated in Fig. 1. The amount of liquid
was chosen to allow for expansion at high temperature
without quite filling the narrow tube.

The height of the center of the receiver coil above the
bottom of the outer tube is designated a in Fig. 1. The
height of the bottom of the liquid above the bottom of
the outer tube is indicated by e. The liquid depth (actu-
ally the height of the liquid above the bottom of the out-
er tube—c in Fig. 1) was measured at 22 �C and
calculated for other temperatures using an empirical fit
to the published density data for chloroform, DMSO,
and methanol [12], which should provide a good
approximation to the density dependence of the deuter-
ated derivatives. Details are given in Appendix A.
Expansion of the glass was considered negligible.

2.3. Sample preparation

3He gas 99.9% from ICON, methanol-d4
99.8% + atom D from Aldrich and DMSO-d6 99.9%
atom D that contained 0.4% water from Aldrich were
used without further purification. Ethylene glycol was
dried under vacuum at room temperature to a pressure
of 0.05 mbar. Regular methanol was dried by reacting
with a little potassium then distilling under vacuum. A
stock solution of 3.0% v/v DMSO-d6 in ethylene glycol
was sealed in several ampoules that were opened imme-
diately before use. CDCl3 and TMS were dried with
P2O5 and vacuum transferred. CDCl3 was transferred
at room temperature while TMS was transferred from
a dry ice/acetone bath (�80 �C) to reduce the transfer
rate. Even so, opening the TMS valve for 1 s was suffi-
cient. The resulting �chloroform� sample was found to
contain 0.04% TMS in CDCl3 99.76% atom D. The sec-
ond �chloroform� sample that was used for high-pressure
measurements contained 0.08% TMS. The DMSO-d6
sample contained 0.2% TMS, and the methanol-d4 sam-
ple contained 0.3% TMS.



Table 1
Chemical shift separation of deuterated methanol compared with
regular methanol and glycol

T (�C) DDd (CD3OD)

HDd (CH3OH)
2.581 �104.1 2.588
2.518 �94.7 2.500
2.452 �85.1 2.424
2.423 �80.9 2.393
2.351 �70.8 2.319
2.277 �60.6 2.244
2.198 �50.0 2.165
2.114 �39.1 2.080
2.028 �28.1 1.992
1.941 �17.4 1.905
1.850 �6.5 1.812
1.755 4.4 1.717
1.655 15.5 1.617
1.550 26.8 1.510
1.449 37.0 1.409
1.345 47.1 1.304

HDd (CH2OH)2
1.847 4.9 1.736
1.719 18.0 1.625
1.568 33.4 1.484
1.401 50.5 1.317
1.309 59.9 1.217
1.165 74.6 1.062
1.014 89.9 0.891
0.894 102.1 0.749
0.773 114.4 0.592
0.654 126.4 0.434
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The pressure of the 3He was determined by reference
to a standard sample of 3He@C60 in 1-methylnaphtha-
lene-d10. This was chosen because 3He@C60 is stable
on a geological time-scale [13] while helium gas diffuses
through glass on a time-scale of weeks [14]. The amount
of helium in the standard was determined by quantita-
tive 13C NMR comparing the C60 signal with the solvent
signal and deconvolution of the C60 signal into its four
components, from low to high field: 3He@C60

(142.386), C60 (142.362), *[5,6]C60 (142.349—with a
neighboring 13C across a bond between a hexagon and
a pentagon) and *[6,6]C60 (142.342—with a neighboring
13C across a bond between two hexagons). The standard
was 0.62 mM in 3He.

The gas was introduced into a Pyrex tube at about
0.7 bar (measured with a Bourdon gauge) with the tube
cooled in liquid nitrogen. The tube was flame sealed and
returned to room temperature. Comparison of the 3He
signal with the standard showed that the concentration
was 2.2 amagats. A second tube was prepared with
0.1 amagats of 3He with no nitrogen cooling. The con-
centration of the 3He samples is estimated to be accurate
to ±10%.

2.4. Temperature measurement method

Because the 3He probe does not permit 1H measure-
ments, we determined sample temperature using the deu-
terium spectra ofmethanol-d4 andof (natural abundance)
ethylene glycol in amanner similar to that introduced (for
proton NMR) by Van Geet [15,16]. For measurements of
3He and of TMS, the CD3OD or glycol was placed in the
outer sample chamber (Fig. 1). At lower temperature, the
CD3 resonance ofmethanol-d4 served as a lock resonance,
but for higher temperatures we locked on the CD3 reso-
nance of dimethylsulfoxide-d6, which was added (3.0%
volume percent) to the ethylene glycol.

In separate experiments, the CD3–OD chemical shift
separation was determined as a function of temperature
by comparison with the CH3–OH separation of methanol
or the CH2–OH separation of glycol, with methanol-d4 in
the outer tube and regular methanol or glycol in the inner
tube, using the temperature curves published by Amman
et al. [17]. For ethylene glycol, we found no significant dif-
ference (<0.001 ppm) in the 1H separation of the neat li-
quid compared with ethylene glycol containing 3.0%
DMSO-d6 at room temperature or at high temperature.
The deuterium chemical shift separation was therefore
compared with the proton separation for a single sample
using the calibration of Amman et al. [17] or with a dual
sample with glycol in the inner tube and regular methanol
in the outer tube. While Amman only measured glycol up
to 143 �C, Kaplan et al. [18] measured it up to 166 �C and
found the dependence to be linear. Amman et al. claim a
precision of ±0.2 �C, and Kaplan claims a precision of
±0.5 �C, but absolute accuracy is more difficult to esti-
mate.A quadratic fit can bemade to compromise between
the two resultswhilemaintaining the claimedprecisions at
most temperatures. Eq. (1) relates the temperature (�C) to
the proton chemical shift difference (ppm) in ethylene
glycol:

T ðCH2OHÞ2 ¼ �0.39 HDd
� �2 � 100.91HDdþ 192.62.

ð1Þ
3. Results

3.1. Temperature calibration

For deuterated methanol, 1H and 2H spectra were ob-
tained relative to ordinary methanol and ethylene glycol
as described above. Table 1 shows the measured proton
and deuterium chemical shift separations and the tem-
peratures deduced from the calibration curve of Amman
et al. [17] for methanol and from Eq. (1) for ethylene
glycol. A temperature calibration curve derived for the
deuterium spectrum of methanol-d4 is shown in Fig. 2.

The same procedure was carried out for ethylene gly-
col in the 3.0% DMSO-d6 in ethylene glycol sample. The
temperatures shown in Table 2 are derived from Am-
man et al. [17] and from Eq. (1). A temperature calibra-



Table 2
Proton and deuterium chemical shift separation for ethylene glycol

T (�C) DDd (CH2OH)2
HDd (CH3OH)
1.778 1.8 1.762
1.671 13.8 1.682
1.532 28.6 1.549
1.402 41.7 1.423
1.266 54.6 1.298

HDd (CH2OH)2
1.831 6.5 1.824
1.701 19.8 1.684
1.601 30.1 1.571
1.497 40.7 1.468
1.394 51.2 1.369
1.287 62.1 1.267
1.186 72.4 1.163
1.082 83.0 1.061
0.981 93.2 0.961
0.883 103.2 0.859
0.785 113.2 0.764
0.692 122.6 0.671
0.602 131.7 0.580
0.508 141.3 0.488
0.421 150.0 0.400
0.332 159.0 0.308
0.245 167.8 0.220
0.175 175.0 0.147

Fig. 2. Temperature calibration curve. CD3–OD peak separation in
methanol-d4, from

2H data in Table 1:

T CD3OD ¼ �14.68 DDd
� �2 � 65.06DDdþ 159.48þ 3.8� 10�15e�13.2Dd.

ð2Þ
For temperatures above �70 �C a quadratic fit is satisfactory. The
exponential term was added to accurately model a slight deviation
from a quadratic near the solvent�s freezing point and is so small that
it can be ignored for temperatures above �70 �C.

Fig. 3. Temperature calibration curve. Natural abundance deuterium
peak separation of ethylene glycol in a solution of DMSO-d6 (3.0%) in
glycol, from 2H data in Table 2:

T ðCH2OHÞ2 ¼ �2.80 DDd
� �2 � 98.26DDdþ 189.71. ð3Þ

A linear fit showed systematic deviation from the data, but a quadratic
fit was about as good as a cubic fit.
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tion curve derived for the natural abundance deuterium
spectrum of ethylene glycol is shown in Fig. 3.

3.2. Helium resonance frequencies

The frequency of 3He was measured for approximate-
ly each 10 �C from �110 �C (super-cooled methanol) to
185 �C (just beyond the maximum recommended tem-
perature for the spectrometer). For temperatures below
11 �C, the 3He frequency was measured relative to the
deuterium resonance of the methyl of methanol-d4 at
61.42259392 MHz. For temperatures above 63 �C, the
frequency was measured relative to DMSO-d6 (3.0%)
in (CH2OH)2 at 61.42254417 MHz. Between 11 and
63 �C both references were used.

The possibility of pressure dependence for the reso-
nance frequency of 3Hewas examined by comparing sam-
ples at 2.2 and 0.1 amagats at 25 and 120 �C. The
frequency was measured to be dependent on concentra-
tion by 0.1 ppb/amagat. This is smaller than the experi-
mental error and was therefore ignored. Seydoux et al.
[8] also reported negligible pressure dependence up to
30 atm for dissolved 3He. Because the 3He measurements
are central to this study and are unlikely to be repeated in
other laboratories, we carried out a few measurements
with another sample of density 2 amagats. Data obtained
agreed with the initial measurements to within 2 Hz.

3He frequencies are given in Table 3 and Fig. 4. The
least squares best fits of these data (frequency in Hz,
temperature in �C) at low temperature (Eq. (4)) and
higher temperature (Eq. (5)) are:

m ðHeÞ � 304815000 ¼ �0.727T þ 665.51 relative to

CD3OD; ð4Þ

m ðHeÞ�304815000¼�6.67�10�4T 2�0.351T

þ782.07 relative to DMSO-d6.

ð5Þ

These equations were used for interpolation to obtain
frequencies at temperatures that correspond to those



Table 3
Observed frequency of 3He

T (�C) Dd (ppm) 3He frequency (MHz) Deuterium reference

�109.7 2.644 304.8157441 CD3OD = 61.42259392
�100.3 2.550 304.8157383
�87.9 2.452 304.8157309
�78.2 2.379 304.8157234
�68.8 2.308 304.8157160
�58.9 2.232 304.8157085
�48.9 2.155 304.8157010
�37.7 2.067 304.8156917
�27.2 1.982 304.8156843
�16.5 1.895 304.8156772
�5.5 1.803 304.8156695
5.5 1.709 304.8156611
16.5 1.611 304.8156535
27.9 1.509 304.8156456
39.5 1.401 304.8156372
51.4 1.288 304.8156286
63.4 1.169 304.8156193
11.2 1.734 304.8157795 DMSO-d6 = 61.42254417
16.1 1.690 304.8157755
27.3 1.587 304.8157711
40.6 1.461 304.8157672
52.1 1.352 304.8157626
62.9 1.251 304.8157583
76.4 1.121 304.8157495
87.1 1.017 304.8157452
97.4 0.918 304.8157404
108.6 0.809 304.8157364
119.1 0.707 304.8157310
129.9 0.600 304.8157259
139.3 0.507 304.8157205
149.9 0.402 304.8157152
160.3 0.297 304.8157097
169.8 0.202 304.8157041
179.4 0.105 304.8156980
185.4 0.042 304.8156914

Fig. 4. Observed NMR frequency of 3He relative to a deuterium lock
of: (d) CD3 resonance of methanol-d4; (+) CD3 resonance of DMSO-
d6 (3% solution in ethylene glycol).
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used for the TMS studies described below. No phys-
ical meaning should be ascribed to the functional
form.
3.3. TMS in CDCl3, DMSO-d6, and CD3OD

The frequency of TMS in CDCl3 (Table 4, column 3)
was measured from �70 �C, (super-cooled in a narrow
tube slightly below the melting point of �63.5 �C) to
166 �C (104 �C above the boiling point). For tempera-
tures above the solvent�s boiling point, a tube closed at
the center (see Fig. 1) was used. The frequency of
TMS in DMSO-d6 (Table 5, column 3) was measured
from 17 �C (mp 18 �C) to 180 �C. For CD3OD, the fre-
quency of TMS (Table 6, column 3) was measured from
�111 �C (mp �99 �C) to 127 �C (bp 65.4 �C). Column 2
of these tables (Dd) is the observed 2H peak separation
in methanol or ethylene glycol used to determine the
temperature.

Although this is not the principal purpose of this
work, we also report the proton chemical shift of CHCl3
in CDCl3 (Table 4, column 8), DMSO-d5 in DMSO-d6
(Table 5, column 8) and CHD2OD and CD3OH in
CD3OD (Table 6), columns 8 and 9, all relative to dilute
dissolved TMS in the respective solution.

3.4. Magnetic susceptibility effect

Since our determinations of the resonance frequencies
of TMS and 3He were made with the magnetic field
locked to DMSO-d6 or methanol-d4 in a separate com-
partment (external lock), the observed frequencies de-
pend on magnetic susceptibility, as well as inherent
chemical shifts. Because identical lock substances were
used, their susceptibilities cancel out when a comparison
is made between TMS and 3He, but the volume magnet-
ic susceptibilities of 3He and the very dilute solutions of
TMS in CDCl3, DMSO-d6, and methanol-d4 must be
taken into account. Even at the highest gas density used
(2.2 amagats), the concentration of helium is rather low,
about 0.1 mol/L, as compared with a concentration of
12.4 mol/L for liquid chloroform at room temperature.
The susceptibility of 3He can thus be ignored. Likewise,
the susceptibility of TMS can be neglected since it con-
stitutes less than 0.3% of the solution.

Because we are interested in the temperature varia-
tion of the chemical shift of TMS, more than its value
relative to 3He, we are concerned primarily with the tem-
perature coefficient of the volume magnetic susceptibili-
ty of the three solutions. Hoffman [19] reported that the
magnetic susceptibility of CDCl3 varied linearly with
temperature over the range �70 to +30 �C, following
the relation in Eq. (6):

j ¼ �0.776þ 9.5� 10�4T ; ð6Þ
where j is the volume magnetic susceptibility in cgs units
and T is in �C. Using the same measurement techniques
under vacuum we found the susceptibility to be
�0.782 + 9.5 · 10�4T, the difference being due to the
removal of dissolved paramagnetic oxygen. The suscep-



Table 4
Observed frequency of dilute TMS in CDCl3 and chemical shift of CHCl3 relative to TMS

T (�C) Dd (ppm) 1HTMS frequency
(MHz)

Shape
factor

Susceptibility Adjusted
frequency

dH (TMS) dH (CHCl3) Deuterium reference

�70.3 2.319 400.1296712 0.0091 �0.8197 400.1310422 0.0507 7.3102 CD3OD = 61.42259392
�60.0 2.241 400.1296751 0.0091 �0.8105 400.1310306 0.0465 7.3039
�49.8 2.162 400.1296794 0.0091 �0.8013 400.1310195 0.0431 7.2981
�39.1 2.078 400.1296836 0.0091 �0.7916 400.1310075 0.0386 7.2923
�28.2 1.990 400.1296878 0.0090 �0.7816 400.1309950 0.0334 7.2865
�17.5 1.903 400.1296921 0.0090 �0.7718 400.1309829 0.0286 7.2810
�7.1 1.816 400.1296960 0.0090 �0.7622 400.1309708 0.0231 7.2758
4.3 1.719 400.1297006 0.0089 �0.7516 400.1309577 0.0175 7.2704
16.4 1.613 400.1297050 0.0089 �0.7403 400.1309432 0.0101 7.2649
27.9 1.509 400.1297064 0.0089 �0.7294 400.1309263 �0.0044 7.2597
39.7 1.400 400.1297107 0.0088 �0.7182 400.1309120 �0.0124 7.2550
51.3 1.289 400.1297166 0.0088 �0.7070 400.1308992 �0.0167 7.2500
65.1 1.152 400.1297231 0.0088 �0.6936 400.1308831 �0.0239 7.2445
31.0 1.547 400.1298755 0.0170 �0.7265 400.1310882 �0.0111 7.2585 DMSO-d6 = 61.42254417
46.5 1.401 400.1298892 0.0168 �0.7116 400.1310771 �0.0183 7.2518
60.9 1.265 400.1299023 0.0166 �0.6977 400.1310669 �0.0238 7.2459
74.3 1.137 400.1299148 0.0164 �0.6843 400.1310572 �0.0286 7.2405
76.3 1.119 400.1299166 0.0164 �0.6824 400.1310558 �0.0292 7.2398
88.8 0.999 400.1299281 0.0162 �0.6697 400.1310462 �0.0345 7.2351
100.0 0.890 400.1299392 0.0161 �0.6579 400.1310377 �0.0380 7.2308
112.1 0.773 400.1299503 0.0159 �0.6450 400.1310273 �0.0446 7.2267
122.9 0.668 400.1299617 0.0158 �0.6331 400.1310189 �0.0476 7.2233
134.4 0.554 400.1299746 0.0156 �0.6200 400.1310098 �0.0505 7.2181
144.7 0.452 400.1299871 0.0155 �0.6078 400.1310021 �0.0517 7.2140
156.1 0.339 400.1300012 0.0153 �0.5938 400.1309928 �0.0542 7.2099
166.4 0.236 400.1300140 0.0152 �0.5807 400.1309837 �0.0578 7.2069

Table 5
Observed frequency of dilute TMS in DMSO-d6 and chemical shift of DMSO-d5 relative to TMS

T (�C) Dd (ppm) 1HTMS frequency
(MHz)

Shape
factor

Susceptibility Adjusted
frequency

dH (TMS) dH (DMSO-d5) Deuterium reference

16.8 1.609 400.1299301 0.0102 �0.6158 400.1309597 0.0524 2.5046 CD3OD = 61.42259392
28.5 1.504 400.1299251 0.0101 �0.6096 400.1309444 0.0421 2.5006
39.7 1.399 400.1299222 0.0100 �0.6036 400.1309315 0.0365 2.4975
51.2 1.289 400.1299193 0.0100 �0.5974 400.1309181 0.0306 2.4942
62.6 1.177 400.1299163 0.0099 �0.5911 400.1309047 0.0241 2.4904
74.8 1.133 400.1300955 0.0099 �0.5843 400.1310725 0.0103 2.4874 DMSO-d6 = 61.42254417
85.4 1.031 400.1300978 0.0098 �0.5783 400.1310647 0.0068 2.4844
96.8 0.921 400.1301002 0.0097 �0.5717 400.1310562 0.0033 2.4816
107.6 0.817 400.1301014 0.0097 �0.5655 400.1310470 �0.0026 2.4789
118.3 0.712 400.1301039 0.0096 �0.5592 400.1310390 �0.0051 2.4759
128.8 0.609 400.1301054 0.0096 �0.5529 400.1310301 �0.0095 2.4734
138.8 0.511 400.1301066 0.0095 �0.5469 400.1310213 �0.0142 2.4710
149.2 0.408 400.1301081 0.0094 �0.5406 400.1310122 �0.0183 2.4684
159.4 0.306 400.1301096 0.0094 �0.5344 400.1310032 �0.0221 2.4660
169.5 0.205 400.1301108 0.0093 �0.5281 400.1309939 �0.0265 2.4633
179.5 0.104 400.1301120 0.0093 �0.5218 400.1309846 �0.0306 2.4611
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tibility of regular chloroform in the literature is �0.740
at 20 �C [20] compared with our value of �0.763 for the
evacuated CDCl3 sample.

Some recent deuterium chemical shift measurements
by P. Granger and M. Pioto (private communication)
at the magic angle (where no susceptibility correction
is required) were compared with our vertical measure-
ments (shape factor a = 0.065, as discussed in Appendix
A) in order to calculate the solvent susceptibility from
Eq. (7):

j ¼ Ddvertical � Ddmagic

ð4p=3Þ � �a
þ j0. ð7Þ

Here j0, the known susceptibility for D2O at 24 �C
(�0.7037), is used as a standard. The values of Dd repre-
sent the differences in chemical shift between the solvent



Table 6
Observed frequency of dilute TMS in CD3OD and chemical shift of the solvent relative to TMS

T

(�C)
Dd
(ppm)

1HTMS frequency
(MHz)

Shape
factor

Susceptibility Adjusted
frequency

dH
(TMS)

dH
(CHD2OD)

dH
(CD3OH)

Deuterium reference

�110.6 2.658 400.1299984 0.0189 �0.6186 400.1310305 �0.0743 3.2737 5.8765 CD3OD = 61.42259392
�103.1 2.574 400.1300014 0.0189 �0.6125 400.1310234 �0.0744 3.2755 5.8200
�91.7 2.481 400.1300020 0.0188 �0.6037 400.1310092 �0.0827 3.2782 5.7721
�81.3 2.402 400.1300018 0.0188 �0.5959 400.1309962 �0.0904 3.2807 5.6905
�74.3 2.349 400.1300007 0.0187 �0.5909 400.1309866 �0.0975 3.2829 5.6412
�59.5 2.237 400.1300010 0.0187 �0.5807 400.1309700 �0.1038 3.2871 5.5366
�49.1 2.157 400.1300009 0.0186 �0.5738 400.1309584 �0.1080 3.2891 5.4604
�38.4 2.073 400.1300005 0.0186 �0.5670 400.1309466 �0.1121 3.2919 5.3788
�27.3 1.983 400.1300001 0.0185 �0.5600 400.1309345 �0.1157 3.2946 5.2931
�16.3 1.893 400.1299999 0.0185 �0.5532 400.1309230 �0.1182 3.2968 5.2062
�5.2 1.800 400.1299996 0.0184 �0.5465 400.1309115 �0.1205 3.2990 5.1163
6.3 1.701 400.1299994 0.0184 �0.5395 400.1308996 �0.1227 3.3014 5.0206
17.7 1.601 400.1299990 0.0183 �0.5326 400.1308877 �0.1253 3.3035 4.9233
30.3 1.487 400.1299987 0.0183 �0.5248 400.1308746 �0.1282 3.3055 4.8126
45.5 1.344 400.1299984 0.0182 �0.5153 400.1308583 �0.1326 3.3083 4.6738
60.7 1.196 400.1299982 0.0181 �0.5054 400.1308416 �0.1381 3.3107 4.5284
75.7 1.043 400.1299980 0.0180 �0.4952 400.1308243 �0.1455 3.3131 4.3812
4.9 1.847 400.1301510 0.0184 �0.5403 400.1310526 �0.1321 DMSO-d6 = 61.42254417
17.5 1.723 400.1301587 0.0183 �0.5326 400.1310476 �0.1296
33.5 1.568 400.1301645 0.0182 �0.5228 400.1310370 �0.1358
50.8 1.398 400.1301730 0.0182 �0.5118 400.1310272 �0.1372
59.5 1.312 400.1301760 0.0181 �0.5062 400.1310206 �0.1415
74.7 1.163 400.1301829 0.0180 �0.4958 400.1310103 �0.1452
89.9 1.014 400.1301915 0.0180 �0.4850 400.1310009 �0.1460
101.7 0.897 400.1301981 0.0179 �0.4760 400.1309925 �0.1483
114.4 0.773 400.1302061 0.0179 �0.4659 400.1309836 �0.1500
126.4 0.654 400.1302140 0.0178 �0.4557 400.1309745 �0.1525

Table 7
Measurement of susceptibility using magic angle measurements

Solvent Dd (magic angle) [21] T (�C) Dd (vertical) T (�C) j vM

CDCl3 7.053 27 7.202 25 �0.7318 58.73
D2O 4.531 27 4.796 24 �0.7037 12.76
CD3OD 3.009 27 4.000 26 �0.5277 21.43

4.523 5.530
DMSO-d6 2.397 27 3.038 23 �0.6125 43.33
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and D2O, as given in Table 7. This method is more accu-
rate than the technique described previously [19], but
measurements from the two methods generally agree
within their expected experimental errors.

There appear to be no data in the literature for the
temperature variation of the susceptibilities of our three
deuterated solvents or their undeuterated counterparts.
However, density data of liquid chloroform, methanol,
and dimethylsulfoxide [12] can be used to estimate the
temperature coefficient of susceptibility provided we as-
sume that the molar susceptibility is independent of tem-
perature and that the density variation with temperature
is not affected significantly by isotopic substitution. The
molar susceptibility of water varies by just over 1% over
its liquid range [20], and the intermolecular interactions
in chloroform, DMSO, and methanol are weaker than
those of water. Therefore the assumption of constant
molar susceptibility appears reasonable. Likewise, the
ratio of the densities of H2O and D2O at 10 and
100 �C differ by less than 0.3%, so the density data for
ordinary solvents should be a close approximation to
those for the deuterated solvents.

For chloroform, we found that over the temperature
range �65 to +65 �C the density data could be approx-
imated to a straight line. After normalization with the
accepted value of the molar susceptibility, 58.9 [20],
the slope of this line gives a temperature coefficient for
volume susceptibility of +9.28 · 10�4 over this range,
in very good agreement with the value cited above.
However, to be able to interpolate results over wider
temperature ranges for chloroform, methanol, and
DMSO, we used the more complex expressions shown
in Fig. 5. The volume susceptibilities (in cgs units), as
computed from Eqs. (8)–(10), along with the molar sus-
ceptibilities from Table 7, are given in the fifth column
of Tables 4–6.



Fig. 5. Volume magnetic susceptibility of: (s) CDCl3, (+) DMSO-d6,
and (d) CD3OD determined as described in the text. For interpolation,
the following expressions were determined from a least squares fit:

jCDCl3 ¼ 1.18� 10�11T 4 þ 8.8� 10�10T 3 þ 2.57� 10�7T 2

þ 9.27� 10�4T � 0.7556; ð8Þ

KDMSO-d6 ¼ 3.30� 10�7T 2 þ 5.13� 10�4T � 0.6245; ð9Þ

jCD3OD ¼ 5.76� 10�10T 3 � 4.0� 10�8T 2 þ 6.06� 10�4T � 0.5433.

ð10Þ
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The susceptibility correction to a measured chemical
shift follows Eq. (11):

d ¼ do þ
4p
3

� �a

� �
j; ð11Þ

where d is the chemical shift, do is the observed (uncor-
rected) chemical shift, �a is the mean shape factor, and j
is the volume susceptibility.
Fig. 6. 1H chemical shift of TMS (ca. 0.1% solution) in three solutions:
(s) CDCl3, (+) DMSO-d6, and (d) CD3OD. Chemical shifts are
measured relative to the 3He resonance of 3He gas. Least squares
polynomial fits to the results are:

dðTMS=CDCl3Þ ¼ 1.040� 10�10T 3 � 5.60� 10�7T 2

� 6.13� 10�4T þ 0.0155; ð12Þ

dðTMS=DMSO-d6Þ ¼ 1.297� 10�6T 2 � 7.49� 10�4T þ 0.0637; ð13Þ

dðTMS=CD3ODÞ ¼ 9.66� 10�7T 2 � 3.35� 10�4T � 0.1239: ð14Þ
3.5. Shape factor

The shape factor for an infinite cylinder aligned with
themagnetic field is zero, giving a correction formagnetic
susceptibility of (4p/3)j = 4.189j. As indicated previous-
ly, the inner sample tube containing TMS in CDCl3 had
an inner diameter of 1.7 mm and a length of about
55 mm—an aspect ratio that is about 2.5 times closer to
‘‘infinite’’ than the typical 4.20 mmIDNMRsample tube.
More precise values of the shape factor, calculated as de-
scribed in Appendix A, are listed in the fourth column of
Tables 4–6. As expected, these values are very small but
varywith temperature as the liquid expands. Overall, they
result in a correction varying from 4.170j to 4.180j.

3.6. Susceptibility corrections

The observed frequencies of TMS (column 3 of Tables
4–6) were adjusted to account for susceptibility according
to Eq. (11), using the shape factors and susceptibility val-
ues in columns 4 and 5. Use of 4.189j might result in an
error of about 0.01 ppm in a given chemical shift value
and would have a very small effect on the temperature
coefficients of the chemical shifts. Note that the diamag-
netic susceptibility of the three solvents causes the mag-
netic field in those sample tubes to be reduced relative to
that in the helium sample. Hence, the measured 1H reso-
nance frequencies are artificially lowered and must be in-
creased by adding the correction computed by Eq. (11).
The 1H frequencies adjusted for solvent susceptibility
are given in column 6 of Tables 4–6.

3.7. 1H chemical shift of TMS relative to 3He

The true variation of the TMS chemical shift with tem-
perature was determined by combining the susceptibility-
adjusted data from Tables 4–6 with results interpolated
from the frequency curves of 3He (Eqs. (4) and (5)). The
1H and 3He data were put on a common ppm basis by
computing the quantity (mT � m0)/m0 for the various sets
of data, with mH0 ¼ 400.1309308 MHz for the 1H data
(the value of the adjusted frequency for TMS in CDCl3
at 25 �C, Table 5, column 6, CD3OD lock) and
mHe
0 ¼ 304.8156473 MHz for the 3He data (the frequency
for 3He at 25 �C, Table 4, column 3, CD3OD lock). The
difference between the 1H and 3He results then provides
d, the chemical shift of TMS relative to 3He. These values
are given in column 7 of Tables 4–6, and the results are
presented in Fig. 6. The trend is close to linear in all three
cases, but the results can be fitted to polynomial expres-
sions as indicated in the figure caption.
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4. Discussion

Webelieve that these results provide a reliable measure
of the dependence of the 1H chemical shift of TMS in
CDCl3, CD3OD, and DMSO-d6 over a wide temperature
range, �111 to +180 �C. Our finding is that the tempera-
ture dependence in the three solutions is almost the same
and is quite small, only about �0.0006 ppm per degree.
This is considerably less than hadbeen reported on the ba-
sis of the experiments in the 1970s and 1980s. The early
work was based on the study of 129Xe at natural abun-
dance of 26% with the relatively insensitive instruments
of that period and thus necessitated studies at high Xe
pressure and large extrapolations, which could have
introduced errors larger than the effect being sought.
Our experiments benefit from high instrument sensitivity
and stability and the use of 99.9% 3He, which could be
studied at very low pressure.Moreover, the chemical shift
of 129Xe is known to be affected by environmental pertur-
bations, whereas the relatively non-polarizable 3He gas
should have a virtually ‘‘ideal’’ temperature-independent
chemical shift.

The fact that the temperature dependence is small
and so similar in three different solutions suggests that
it should have a similar magnitude in other solutions
as well. It seems reasonable that the 1H methyl chemical
shift in DSS, which is an IUPAC-recommended refer-
ence for aqueous solutions [21], would have a similar
temperature coefficient, but this could be verified by
making measurements with the deuterium locks used
here and relating those data to our 3He results.

A possible source of error in our results is the correc-
tion for magnetic susceptibility because of uncertainties
in the volume susceptibility data and the shape factor
used for the correction. It is clear from Tables 4–6 that
the susceptibility correction is quite significant—large
enough, in fact, to change what would appear to be a
positive temperature coefficient from the observed data
in column 3 to the negative coefficient arising from the
corrected data. Although there are uncertainties in the
susceptibility corrections arising from the assumptions
described previously, we believe that they are unlikely
to influence our final results by more than a few
percent.

We have been careful to include detailed tables of ob-
served data, which can be used by future experimenters
along with any improved susceptibility correction data.
Also, our measurements of the 3He resonance frequency
cover a range of�110 to +185 �C, hence can be used with
new data for other solvents without having to repeat the
3He study.

TMS inCDCl3, the IUPAC recommended standard, is
not a suitable reference at high temperature because it is
quite inconvenient to use. However, our results indicate
that methanol and DMSO can be used as low-tempera-
ture and high-temperature solvents, respectively, with a
similar temperature dependence of the TMS chemical
shift.
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Appendix A. Calculation of the shape factor

The approximation to an infinite cylinder for the
CDCl3 sample is not sufficient and leads to an error of
up to 0.012 ppm.We therefore approximated it to a finite
cylinder.At any point along the cylindrical axis (where z is
the height of the point above the center, h is the height of
the cylinder, andR is the radius of the cylinder), the shape
factor is given as follows (Eqs. (15) and (16)). Numerical
integration of a narrow tube shows that there is little var-
iation in shape factor across a horizontal slice unless it is
close to the end, which, in our case, is sufficiently far from
the receiver coil. The response profile of the probe was
measured using a 1D gradient image using a calibrated
gradient applied throughout acquisition. It is sufficient
to approximate the response profile to a uniform region
of height 16.6 mm around the center. The shape factor
was averaged over this region (Eq. (17)). The depth of
the liquid was measured at room temperature and calcu-
lated for other temperatures using density data for chloro-
form, DMSO, and methanol [12] (Eqs. (18)–(20)).

The shape factor at a point is an integral over the
bounding surface of the depth (in the direction of the
field) below the point being observed (x0) multiplied
by the cosine of the angle subtended by the field to the
normal to the surface (b) divided by the cube of the dis-
tance of the surface (x 0) from the observation point. It is
expressed mathematically as follows Eq. (15) [22,23]:

aðx0Þ ¼
Z

cos b
½ðx0 � x0Þ � ẑ�
j x0 � x0j3

ds; ð15Þ

where a (x0) is the shape factor at point x0, b is the angle
between the normal and the field at each surface ele-
ment, ẑ is the unit vector along the magnetic field (z axis)
and s is a surface element. The walls of the cylinder do
not contribute to the shape factor because, cosb is zero,
so one only has to integrate over the ends of the cylin-



Fig. 7. Cylindrical coordinates.
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der. For this, it is most convenient to use cylindrical
coordinates (r,h,h) ( Fig. 7), such that ds = rdrdh,
where the origin is at the center of the cylinder (Eq.
(15)). For the ends, cosb = 1, the vertical distance from
the center is (x0 � x 0) Æ ẑ = (z ± h/2) the full distance

from the origin is x0 � x0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ ðz� h=2Þ2

q
. The result

of Eq. (16) is then integrated over the reception region to
yield the average shape factor Eq. (17).

að0;0;zÞ¼
Z 2p

0

Z R

0

z�h=2

r2þ z�h=2ð Þ2
h i1.5

� zþh=2

r2þ zþh=2ð Þ2
h i1.5 rdrdh

¼
Z 2p

0

h=2� zffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2þ z�h=2ð Þ2

q þ h=2þ zffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2þ zþh=2ð Þ2

q
2
64

3
75

R

0

dh

¼
Z 2p

0

�h=2� z
z�h=2

þh=2þ z
zþh=2

� h=2� zffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2þ z�h=2ð Þ2

q

� h=2þ zffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2þ zþh=2ð Þ2

q dh

¼
Z 2p

0

2� h�2zffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4R2þ 2z�hð Þ2

q � hþ2zffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4R2þ 2zþhð Þ2

q dh

¼ 2p 2� h�2zffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4R2þ 2z�hð Þ2

q � hþ2zffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4R2þ 2zþhð Þ2

q
0
B@

1
CA;

ð16Þ
�a ¼
R l
�l að0; 0; zÞ dz

2z
. ð17Þ

The average shape factor for sample CDCl3 1 was calcu-
lated to be approximately �2.7 · 10�6T + 9.0 · 10�3,
for sample CDCl3 2 it was �1.33 · 10�5T + 1.74 · 10�2,
for DMSO-d6 it was �5.4 · 10�6T + 1.03 · 10�2 and for
CD3OD is was�4.6 · 10�6T + 1.84 · 10�2 by combining
Eq. (15) (where 2l is the receiver coil length) with the
expansion rate of chloroform and DMSO.

The volumes of CDCl3, DMSO-d6, and CD3OD
relative to their volumes at 22 �C (V0 in Table 1)
are given by Eqs. (18)–(20), which represent least
squares fits to data in the AICHE DIPPR database
[12].

V =V 0 ¼ 6.4� 10�11T 4 � 7.6� 10�10T 3 þ 1.70� 10�6T 2

þ 1.22� 10�3T þ 0.981 for CHCl3; ð18Þ

V =V 0 ¼ 2.00� 10�6T 2 þ 7.1� 10�4T

þ 0.983 for DMSO; ð19Þ

V =V 0 ¼ 1.82� 10�8T 3 þ 1.25� 10�6T 2 þ 1.04� 10�3T

þ 0.975 for CD3OD. ð20Þ

The volume of liquid where the liquid overflows point b
(Fig. 1) is given by Eq. (21).

V ¼ p ðc� bÞ1.242 þ ðb� eÞ0.852
� �

: ð21Þ

The height of the liquid (c) where the liquid overflows
point b is given by Eq. (22):

c ¼ V =p� ðb� eÞ0.852

1.242
þ b; ð22Þ

where the liquid does not overflow point b the volume of
the liquid is given by Eq. (23).

V ¼ pðc� eÞ0.852. ð23Þ
The height of the liquid is given by Eqs. (24)–(28)

c ¼ V

0.852p
þ e. ð24Þ

For CDCl3 1:

c ¼ 33.3ð6.3� 10�11T 4 � 8� 10�10T 3 þ 1.69� 10�6T 2

þ 1.21� 10�3T þ 0.973Þ þ 29. ð25Þ

For CDCl3 2:

c ¼ 41.1ð6.3� 10�11T 4 � 8� 10�10T 3 þ 1.69� 10�6T 2

þ 1.21� 10�3T þ 0.973Þ þ 4.5. ð26Þ

For DMSO-d6:

c ¼ 51.3ð2.00� 10�6T 2 þ 7.1� 10�4T þ 0.983Þ þ 1.1.

ð27Þ
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For CD3OD:

c ¼ 43.8ð1.82� 10�8T 3 þ 1.25� 10�6T 2 þ 1.04� 10�3T

þ 0.975Þ þ 5.6. ð28Þ
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