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Abstract

In solution-state NMR spectrometers, there is a systematic deviation between the temperature of the sample and the temperature

reported by the spectrometer. In addition, temperature gradients are often present in the sample. The size of both the temperature

deviations and the temperature gradients depends on several factors, including the temperature, the flow rate of the heating/cooling

gas, and the amount of radiofrequency heating.

� 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction

In this paper, we show that there is a significant dif-

ference between the actual temperature of the sample

and the temperature reported by the spectrometer. This
difference is a function of the gas flow rate, the tem-

perature, and the amount of radiofrequency irradiation

of the sample; under some circumstances the difference

can be several degrees. By using an imaging method, we

have also investigated the range of temperatures that are

present in the sample. Not surprisingly, the range of

temperatures depends on the same parameters as the

temperature deviation.
Since physical parameters, such as rate constants and

diffusion coefficients, are generally temperature depen-

dent, it is essential to know the temperature in order to

report the value of these parameters in a meaningful

way. The deviation of the sample temperature from the

temperature reported by the spectrometer (which we

term the system temperature) causes a problem in this

regard, and sets a limit on the confidence that we can
have in our values.

The presence of temperature gradients also has an

effect on the measured value of a physical parameter as

different positions in the sample correspond to different

values. However, the value of most physical parameters

is linear with temperature over the relatively small range
of temperatures typically found in the sample. It there-

fore follows that the measured value of the parameter is

characteristic of the average temperature of the sample;

the presence of a temperature gradient will not appre-

ciably affect the outcome of a measurement.

As has been shown elsewhere, temperature gradients

can lead to sample convection [1–3]. This has a strong

effect on B0-field gradient selected experiments such as
for the measurement of diffusion coefficients [1,4] and

NOE enhancements [5]. We will not consider these ef-

fects further here as they have been reported widely

elsewhere.

2. Measurement of the sample temperature

Temperature measurements were made using thul-

lium (III) 1,4,7,10-tetraazacyclododecane-1,4,7,10-tet-

rakis(methylene phosphonate), which is referred to by

the abbreviation, TmDOTP5� [6–8] and has the molec-
ular structure shown in Fig. 1. The sample used for all

NMR measurements consisted of 0.2 M TmDOTP5� in

deuterated water; the 1H spectrum of this sample is
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shown in Fig. 2. Due to symmetry, only six resonances

are observed in the 1H spectrum; the labelling scheme,

shown in Fig. 1, and the assignment shown in Fig. 2 are

taken from [6]. The thullium atom is paramagnetic and

this leads to both very fast relaxation (T1 < 2 ms) and

the large proton shifts seen in the spectrum.
The paramagnetic shifts of the protons in

TmDOTP5� depend very strongly on temperature [7,8].

In this paper, the frequency separation between the

peaks corresponding to H3 and H6 was used for deter-

mining the temperature. Of the six TmDOTP5� 1H

resonances, these two peaks were used because they

have the narrowest lines, are always within the achiev-

able spectral width for the temperatures used in our
experiments, and because their chemical shifts move in

opposite directions as the temperature increases. Using

the separation between two peaks rather than the

chemical shift of a single peak eliminates the need to
reference the spectrum and, in imaging experi-

ments, removes the influence of magnetic field inhomo-

geneities.

The actual temperature, T, of the sample when in the

spectrometer was measured by introducing a thermo-

couple directly into the active region of the solution

within the sample tube. After removing the thermo-

couple, the TmDOTP5� 1H spectrum was measured
under identical conditions. In this way, the frequency

separation between H3 and H6 (d, in ppm) was measured

at several temperatures. In theory, d should have a T�1

dependence due to paramagnetic shielding as well as T�1

and T�2 dependencies due to pseudocontact interactions

[8]. In practice, the equation:

d ¼ C
1

T
þ D

adequately described our data; adding a T�2 term did

not result in a better model. The best-fit values of the

constants C and D for our 0.2 M TmDOTP5� in deu-

terated water sample were 1:322 ð�0:001Þ � 10�5 K ppm

and �218:9 ð�0:2Þ ppm, respectively. Since the spec-

trum of TmDOTP5� depends on pH as well as temper-

ature [8], this calibration will depend on concentration

to some extent.
Although measurements of the absolute temperature

are limited by the accuracy with which the constants C

and D are specified, measurements of the deviation of

the temperature are limited by the precision with which

d can be measured. It is possible to estimate this based

on the signal-to-noise ratio of the peaks, their line-

widths, the ratio of the peak heights, the frequency

separation of the peaks, and the digitization of the
spectrum [9]. For our data, such an analysis indicates

that, despite the broadness of the peaks, the precision

with which the frequency separation can be measured

should be better than 0.5 Hz. Consequently, differences

in temperature on the order of 1 mK should be detect-

able even though the absolute temperature is only cali-

brated to �0:1 K.
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Fig. 2. 600 MHz 1H spectrum of TmDOTP5� in D2O. The large peak at �5 ppm is due to HOD and other impurities.

Fig. 1. The molecular structure of TmDOTP5�, showing the num-

bering system used. For details concerning the molecular conforma-

tion, see Ref. [6].
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3. Systematic temperature deviations

Although the variable-temperature (VT) control sys-

tems of many modern solution-state NMR spectrome-

ters are capable of reporting and maintaining the

temperature with a precision of �0:1 K, this precision

often underestimates the deviation between the system

temperature (i.e. that reported by the spectrometer) and

the sample temperature. The extent to which this devi-
ation results in inaccuracies in physical measurements

depends on both the magnitude of the deviation and the

temperature dependence of the parameter being mea-

sured. For example, near room temperature the diffu-

sion coefficient of camphene in deuteromethanol

changes by 1% for every change in temperature of 0.5 K.

In most solution-state NMR spectrometers, the

sample temperature is maintained by flowing a heating
or cooling gas over the sample tube. Usually, as was the

case for the spectrometers used in this study, this gas

(the VT gas) is chilled to below ambient temperature

and then heated as it flows through the probe toward the

sample. Typically, a thermocouple (or thermistor) is

located just below the sample tube and in the flow of the

VT gas. A feedback loop is used to regulate the power

input to the heater so that the temperature, as registered
by the thermocouple, is that set by the operator. Due to

the finite heat capacity of the VT gas, the physical sep-

aration between the thermocouple and the active region

of the sample results in a systematic deviation between

the system temperature and the sample temperature.

The size of this deviation depends on the design of the

probe, how far the system temperature is from ambient,

the VT gas flow rate, and the heating of the sample due
to radiofrequency irradiation.

In the design of the NMR probe, the size of the

separation between the thermocouple and the sample

affects the temperature deviation; larger separations can

be expected to result in larger deviations. The pathway

used to flow the VT gas past the thermocouple and the

sample is another factor that will influence both the

deviation and the temperature gradients. Due to space
constraints in narrow-bore magnets, most modern high-

resolution solution-state NMR probes have a relatively

simple pathway for the VT gas so that there is enough

room in the probe for the gradient coils, radiofrequency

coils, and sample. Usually, the gas flows linearly from

the bottom of the probe to the top, flowing first past the

thermocouple, then the sample, and then finally out of

the top of the probe. For example, in the Bruker probes
used in this study the VT gas flows through a transfer

line from the bottom of the probe. Before it reaches the

sample, the VT gas is split between three different

pathways that separately heat/cool the two radiofre-

quency coils and the sample; these pathways are sepa-

rated by concentric glass cylinders that help support the

radiofrequency coils. The pathways recombine near the

top of the probe and the VT gas then flows out of the
top of the probe.

Using TmDOTP5� as an internal thermometer re-

veals that, at temperatures above ambient, the system

temperature is lower than the sample temperature; the

data are shown in Fig. 3. This effect is more pronounced

for slower flow rates than for higher flow rates. At the

highest temperature and the lowest flow rate, the sample

Fig. 3. The deviation between the system temperature and the sample temperature as (a) a function of the system temperature for several different VT

gas flow rates and (b) a function of the flow rate for several system temperatures. In the first graph, gas flow rates of 200, 300, 400, and 500 L h�1 are

indicated by dots, open dots, squares, and open squares, respectively. In the second graph, system temperatures of 300, 305, 310, 315, and 320 K are

represented by dots, open dots, squares, open squares, and diamonds, respectively. The dotted lines are only a visual guide and do not imply a fit to

the data. The data were acquired on a Bruker Avance spectrometer operating at 500 MHz for 1H and equipped with a 5-mm z-axis gradient triple

resonance inverse probe. The temperature regulation system was able to monitor and control the system temperature with a precision of 0.1 K.
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temperature is almost 2.5 K higher than the system

temperature.

Decoupling, particularly broadband decoupling of

low c nuclei, requires high-power radiofrequency ir-

radiation; this irradiation can be a significant source
of sample heating [10]. We conducted a series of ex-

periments in which the WALTZ-16 composite-pulse

decoupling sequence was applied on the 13C channel

for 30 s prior to and during the acquisition of the

TmDOTP5� spectrum. The experiment was repeated
three times with decoupling power levels of 0.75, 1.5,

and 3 W (correspond to 13C radiofrequency field

strengths of 1.1, 1.5, and 2.2 kHz). We found that the

increase in the sample temperature due to radiofre-

quency heating was not significantly affected by the

system temperature. However, as shown in Fig. 4,

lower heating gas flow rates resulted in larger increases

in temperature than higher flow rates. These results
indicate that higher flow rates are better at maintain-

ing the sample temperature. Note that the increases

shown in Fig. 4 are the differences between the sample

temperature before and after radiofrequency irra-

diation; any deviations between the sample tempera-

ture and the system temperature will be additional to

this.

4. Temperature gradients

The presence of temperature gradients in the sample

are a common occurrence in NMR spectrometers.

However, in most cases temperature gradients due not

lead directly to noticeable inaccuracies in the measure-

ment of physical parameters. This is because the mea-
sured value of a parameter that varies linearly with

temperature is characteristic of the average temperature

of the sample. Although most physical parameters have

a non-linear dependence on temperature, it is usually

safe to make the approximation that the temperature

dependence is linear over the relatively small ranges of

temperatures that arise in NMR samples under normal

conditions (less than 1 K cm�1) and, therefore, the

Fig. 4. The increase in the sample temperature due to radiofrequency

irradiation at three field strengths. The sample temperature after 30 s of
13C radiofrequency irradiation at 0.75, 1.5, and 3 W are indicated by

dots, open dots, and squares, respectively. These powers correspond to

radiofrequency field strengths of 1.1, 1.5, and 2.2 kHz, respectively,

and the results shown are the means of measurements at five temper-

atures (300, 305, 310, 315, and 320 K). The dotted lines are only a

visual guide and do not imply a fit to the data. Other than the period of

radiofrequency irradiation prior to and during signal acquisition, the

data were acquired under the same conditions as the data shown in

Fig. 3.
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Fig. 5. The sample temperature profile as a function of the system temperature and the VT gas flow rate. The profiles show the deviation of the

sample temperature from the mean sample temperature as a function of position along the z-axis. From left to right, the graphs show data for system

temperatures of (a) 300 K, (b) 305 K, (c) 310 K, (d) 315 K, and (e) 320 K. For each temperature, several profiles were acquired corresponding to VT

gas flow rates of 200, 300, 400, and 500 L h�1. Darker lines represent lower flow rates, and �z corresponds to the lower end of the sample tube. The

data were acquired on the same instrument as described in Fig. 3 using a chemical shift imaging sequence. Despite collecting 4 transients for each of

the 64 increments in the indirect (imaging) dimension, the total experiment time was only 22 s due to the short longitudinal relaxation time for the

TmDOTP5� 1H resonances.
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presence of a temperature gradient will not appreciably
affect the outcome of a measurement.

For example, the apparent diffusion coefficient for a

sample of camphene in deuteromethanol with an aver-

age temperature of 300 K and a temperature gradient of

1 K across the sample will differ by less than 0.01% from

the diffusion coefficient measured for a sample with the

same average temperature but no temperature gradient.

In fact, a temperature gradient of 25 K cm�1 is necessary
before the apparent diffusion coefficient deviates by

more than 1% from its true value. Nevertheless, it is still

important to minimize temperature gradients in the

sample because, as mentioned in Section 1, temperature

gradients can lead to convection which has a very large

impact on certain types of experiments.

A chemical shift imaging experiment was used to

detect sample temperature gradients. After Fourier
transforming both dimensions, the peak positions in the

direct (chemical shift) dimension were used to estimate

the sample temperature as a function of position along

the imaging axis. The resulting temperature profiles for

several VT gas flow rates at system temperatures be-

tween 300 and 320 K are shown in Fig. 5.

The range of temperatures present in the profiles as a

function of the system temperature for several VT gas
flow rates are shown in Fig. 6; it is apparent that as the

temperature increases the temperature range increases.

Also, intermediate VT gas flow rates are better at

maintaining the sample at a uniform temperature than

the more extreme flow rates of 200 and 500 L h�1. The

data at 300 K do not follow the same pattern as the rest

of the data because, due to other sources of heat inside

the magnet the ‘‘ambient’’ temperature inside the probe
is �305 K.

In the temperature profiles shown in Fig. 5, the

temperatures represent the average temperature in the

xy-plane. To determine whether there were significant

Fig. 6. The dependence of the range of temperatures in the sample on

the system temperature and the VT gas flow rate. Squares, open

squares, dots, and open dots correspond to flow rates of 200, 300, 400,

and 500 L h�1, respectively. The dotted lines only connect the data

points; they do not imply a fit to the data. The data are derived from

the profiles shown in Fig. 5.

Fig. 8. The temperature profile due to low power (1.1 kHz) WALTZ-16

decoupling. The decoupling was switched on for 30 s prior to imaging

the sample and remained on throughout the experiment (22 s). The

sample temperature was 320 K and the VT gas flow rate was varied

between 200 and 500 L h�1; darker lines correspond to lower flow

rates. The data were collected under the same conditions as for the

data shown in Fig. 4.

Fig. 7. The transverse temperature profile of a sample. Darker shades

correspond to lower temperatures; the temperatures range from +0.14

to )0.14 K from the average. The system temperature was 320 K and

the VT gas flow rate was 400 L h�1. The profile was acquired using a

Bruker Avance spectrometer operating at 600 MHz for 1H and

equipped with a 5-mm triple orthogonal gradient triple resonance in-

verse probe. The temperature regulation systems was able to monitor

and control the system temperature with a precision of 0.1 K.
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temperature variations in the transverse plane, a three-

dimensional chemical-shift imaging experiment was

performed. The resulting two-dimensional transverse

temperature profile is shown in Fig. 7. This profile

shows that the temperature varies much more along the
y-axis than along the x-axis. We have also generated

three-dimensional temperature profiles using a four-di-

mensional chemical shift imaging experiment; these

profiles do not reveal any features that are not already

indicated in the one- and two-dimensional profiles.

As the radiofrequency coil only covers part of the

sample, the heating of the sample due to radiofrequency

irradiation is uneven and results in a large temperature
gradient. The temperature profile for three different

decoupling power levels is shown in Fig. 8; these profiles

have much larger temperature ranges than those shown

in Fig. 5. The shape of these profiles is, for the most

part, the same regardless of the system temperature and

the VT gas flow rate. These temperature profiles are

consistent with the expectation that the VT gas acts to

cool the sample and that the direction of the gas flow is
from the bottom of the tube to the top. As can be seen in

Fig. 9, the range of temperatures in the sample due to

radiofrequency irradiation depends weakly on the VT

gas flow rate and the sample temperature. In all cases,

higher flow rates are better at maintaining the sample at

a uniform temperature than lower flow rates.

5. Conclusion

The actual temperature of the sample in solution-

state NMR spectrometers can deviate from the

temperature reported by the spectrometer by several

degrees. Whether this is actually a matter of concern

depends on the desired measurement accuracy as well as

the sensitivity of the physical constant to temperature.

Although the exact size of the deviation between the

sample temperature and the system temperature de-

pends on the design of the probe and the temperature
control system, in general, running experiments at

temperatures other than ambient, low VT gas flow rates,

and high-power radiofrequency decoupling can all be

expected increase the discrepancy between the sample

temperature and the system temperature.

The magnitude of the temperature gradients in the

sample depends on the same parameters as those that

cause a deviation between the sample temperature and
the system temperature. Fortunately, as long as the av-

erage temperature of the sample is known, under most

circumstances these gradients will not lead directly to

noticeable errors in the measurements of physical con-

stants. Nevertheless, for certain experiments, sample

convection due to a temperature gradient in the sample

can cause large measurement errors and, therefore, it is

still useful to find experimental conditions under which
the temperature gradients are minimized.
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