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As the concentration of aqueous CD3OH solutions was decreased, the OD peaks in 2H NMR spectra grew

relative to the CD3 peaks. Isotope impurity for OH groups of CD3OH and deuterium naturally present in water

contributed to the OD peaks. Using these peak area data, the site-specific isotope populations of isotope

enriched chemicals were measured. In addition, the method using both 1H and 2H NMR spectroscopy was

demonstrated with neat CD3OH to measure the site-specific isotope populations. The results indicate that

although it represents only ~0.015% of hydrogen isotopes, the deuterium naturally present in solvents cannot

be ignored, especially when the concentration of deuterium-enriched solutes is varied. Proton/deuteron

exchange between methyl and methyl/hydroxyl groups was confirmed to be negligible, while that among

hydroxyl groups was detectable.
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Introduction

Isotope-enriched chemicals have alleviated signal over-

laps by shifting mass-to-charge ratio in mass spectroscopy

(MS)1-4 or vibrational frequencies in infrared or Raman

spectroscopy.5-7 Likewise, nuclear magnetic resonance (NMR)

spectra have been clarified by altering J-coupling splitting

patterns and chemical shifts using isotope enrichment.2,8-12

In addition, isotope enrichment has been employed to

enhance spectral resolution,11,13 to remove background

signals4,14 and to increase sensitivity in NMR spectro-

scopy.13,15,16 Labeling the specific sites of molecules with

isotopes has made it easier to examine chemical reaction

mechanisms.17-19 Proton-deuteron exchange has been used to

distinguish the surface sites and inner sites of proteins4,20 and

inorganic materials.21 Site-specific natural isotope fraction-

ation has been measured to trace the geographical origin and

production year of agricultural products, and to detect

mixing and adulteration in food and beverages.22,23 Kinetic

isotope effects have been investigated to probe transition

states during chemical reactions, especially with hydrogen/

deuterium isotopes, by using their relatively large mass

ratio.4,17,24 

Deuterium is the most frequently used hydrogen isotope

and is relatively cheap. The presence of naturally abundant

deuterium (~0.015%)25,26 in solvent is typically ignored in

spectroscopic data interpretation. We show a case in which

the presence of naturally abundant deuterium in solvent

should be considered, especially when the concentration of

deuterium-enriched chemicals is varied. In this work, solu-

tions of various concentrations were used to measure site-

specific isotope impurities in isotope-enriched samples and

the natural abundance of the isotope. Aqueous CD3OH

solutions were used, since water and methanol have been

extensively studied in terms of hydrogen bonding and proton

transfer,8,12,24,27,28 and methyl and hydroxyl groups have been

investigated due to their ubiquity and functions in biological

systems.12,13,29-31 

Experimental

Aqueous CD3OH solutions of 11 different concentrations

of 4, 2, 0.4, 0.2, 0.1, 0.05, 0.02, 0.01, 0.005, 0.002, and 0.001

M were prepared by diluting CD3OH (99.8 atom% D,

Sigma-Aldrich) with distilled water. To improve the accuracy

of the solution concentration, both the volume and weight of

the CD3OH and the distilled water used to prepare the 4 M

solution were measured. Likewise, the volume and weight

were measured when solutions with lower concentrations

were prepared by diluting the solutions of higher concen-

trations. For NMR experiments, 100-μL solutions, which

were measured accurately by the difference of the weights of

the rotor before and after sample filling, were placed in 4-

mm outer-diameter zirconia rotors for a double-channel magic

angle spinning (MAS) probe. The 2H NMR spectra were

acquired using a 9.4-T DSX NMR system (Bruker BioSpin

GmbH, Germany) with a pulse length of 2 μs corresponding

to a 30° flip angle, a 10-s pulse repetition delay time, a 12-

kHz spectral width, and 4 dummy scans. The number of

acquisitions was varied from 16 to 4096, depending on the

CD3OH concentration. The sample weights and the peak

areas for each concentration are listed in Table S2 and

correlated in Figure S1 in the Supporting Information. The

chemical shift was calibrated by setting the CD3 signal of the
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0.1 M CD3OH solution at 3.3 ppm. For some of the solu-

tions, 2H NMR spectra were also acquired with a cryogenic

inverse probe in an 18.8-T Avance II NMR system (Bruker

BioSpin GmbH, Germany) with the solutions placed in 5-

mm outer-diameter NMR tubes to achieve higher spectral

resolution and to confirm the results obtained at 9.4 T.

Results and Discussion

When the concentrations of aqueous CD3OH solutions

were reduced, the signal for deuterated methyl (CD3) groups

at 3.3 ppm in 2H NMR spectra was decreased, as expected

(Figure 1(a)). However, at the same time, the signal of

deuterated hydroxyl (OD) peaks at 4.8 ppm grew relative to

the CD3 signal (Figure 1(b)). The OD signals can come from

naturally abundant deuterium in water, and from the OD

groups present in CD3OH as isotope impurities. Proton-

deuteron exchange between CD3 and OH groups can also

contribute to OD signals, but this is not expected to occur

much due to the large pKa values of methyl protons/

deuterons in aqueous solutions.32 

The population of naturally abundant deuterium in water

as a form of OD would be increased when the amount of

water relative to CD3OH is increased in a solution. The

relative peak areas obtained from experimental NMR data

(Figure 2) were well fitted with the calculated data, as-

suming that naturally abundant deuterium in water and the

OD groups present in CD3OH as an impurity are the sources

of the OD signal, and that there is no proton-deuteron

exchange between CD3 and OH groups. Two different fitting

methods were used. The simple method (Method I) involved

the use of 0.015% for the naturally abundant deuterium in

water, and the isotope impurities (H for CD3, D for OH)

present in neat CD3OH liquid were determined from the

peak areas in 1H and 2H NMR spectra of neat CD3OH liquid.

The relative peak areas for CD3 and OD groups calculated

using these values for each CD3OH solution were compared

with those obtained experimentally. In Method II, in order to

obtain the values of deuterium abundance in water and

isotope impurity for CD3 and OH sites in CD3OH, these

values were iteratively varied until the sum of the peak area

differences between the experimental and the calculated

CD3OH spectra for all of the CD3OH concentrations ex-

amined reached a minimum. 

Method I was carried out as follows. The peak areas for

OH and CH3 in an 1H NMR spectrum of neat CD3OH liquid

were denoted as POH and PCH3, respectively, and those for

OD and CD3 in a 2H NMR spectrum of neat CD3OH liquid

as POD and PCD3, respectively. Then, (POH + αPOD):(PCH3 +

αPCD3) should be 1:3 from the ratio of hydrogen/deuterium

numbers of hydroxyl groups and methyl groups. The amount

Figure 1. 2H NMR spectra obtained at 9.4 T of aqueous CD3OH
solutions in various concentrations: (a) Spectra with spectral
intensities calibrated with the number of acquisitions. Spectra
expanded in their intensities are shown at the upper left. (b)
Spectra with spectral intensities of CD3 signals adjusted to have
the same height.

Figure 2. The plots of relative peak areas of OD groups (filled
symbols) of 2H NMR spectra of aqueous CD3OH solutions in
various concentrations and calculated peak areas (unfilled
symbols) obtained by two different methods (I and II). For method
I, 0.015% for the naturally abundant deuterium in water and the
isotope impurities (H for CD3, D for OH) present in neat CD3OH
liquid determined from the peak areas in 1H and 2H NMR spectra
of neat CD3OH liquid are used. In Method II, to obtain the values
of deuterium abundance in water and the amounts of isotope
impurity for CD3 and OH sites in CD3OH, these values are
iteratively varied until the sum of the peak area differences
between the experimental and the calculated spectra for all of the
CD3OH concentrations reaches a minimum.
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of isotope impurity for CD3 groups of CD3OH can be

defined as ICD3 = PCH3/(PCH3 + αPCD3). Likewise, the amount

of isotope impurity for OH groups of CD3OH can be denoted

as IOH = αPOD/(POH + αPOD). Using the experimentally mea-

sured values of POH = 0.960, PCH3 = 0.040, POD = 0.030, and

PCD3 = 0.970, α was calculated to be 3.227, for which ICD3 =

0.013 and IOH = 0.092 were obtained. The relative signal

intensities of CD3 and OD groups can be estimated using the

relationships of 3Cm-3CmICD3 and 2NDCw + CmIOH, respec-

tively, where Cm is the concentration of CD3OH, Cw is the

concentration of water, and ND is the natural abundance of

deuterium in water. The experimental and calculated data are

compared in Figure 2 and Table S1. The regression coeffi-

cient (R2) was 0.99502. For Method II, the sum of the peak

area differences between the experimental and the calculated

spectra for all of the CD3OH concentrations was minimized

by iterative calculation to obtain values for ND, ICD3, and IOH.

At most 2 unknown values can be obtained with two

independent equations describing the data. Thus, ND was

fixed at 0.00015, and ICD3 and IOH were obtained as 0.018

and 0.110, respectively. The larger R2 value of 0.99684 than

the value of 0.99502 obtained for Method I indicates that

Method II is more reliable. Isotope impurity of ~1% for CD3

groups is acceptable but ~10% isotope impurity for OH

groups is unusually high.

The 2H NMR spectra obtained with a high-resolution

liquid-state NMR probe at higher magnetic field (18.8 T)

clearly show a large center peak at 3.3 ppm for methyl

deuterium bonded to 12C and two small peaks, 21.7 Hz away

from each other, at both sides of the large peak as shown in

Figure 3. These two small peaks are from deuterium JCD-

coupled to the 13C of CD3, the total area of which corre-

sponds to ~1% of the total peak area of CD3 groups. If

deuteron exchanges among 13CD3 and 12CD3 groups at fast

rates, the CD3 signals would merge to the 2H signal of 12CD3,

which is at the gravimetric center of all the CD3 signals.

Likewise, if the deuteron/proton exchange is fast between

methyl and hydroxyl groups, the CD3 and OD peaks would

merge. Thus, the split peaks for 2H bonded to 13C and the

well-resolved CD3 and OD peaks confirmed that the proton/

deuteron exchange between methyl and methyl/hydroxyl

groups, respectively, is negligible in the NMR time scale. On

the other hand, single peaks for OD groups indicate fast

proton/deuteron exchange among hydroxyl groups of water

and methanol. If this exchange was slow in the NMR time

scale, the OD and CD3 peaks would be mutually split by

JHD-coupling (~1.7 Hz) between hydroxyl and methyl

protons/deuterons.33 Peak splitting due to JDD-coupling for

methanol can be practically ignored, since it is 6.51 times

smaller than the corresponding JHD-coupling of ~1.7 Hz.34

The peak area ratios of methyl and hydroxyl groups did not

differ from those obtained at 9.4 T.

Conclusion

We showed with aqueous CD3OH solutions in various

concentrations that the deuterium naturally present in water

should be considered, even though the amount is not large

(~0.015%), especially when the samples are prepared by

diluting deuterated solutes in various amounts of water. This

indicates that natural abundance of deuterium in other

solvents than water should be equally considered. The

method using both 1H and 2H NMR spectroscopy was

demonstrated with neat CD3OH to measure the site-specific

isotope populations. Iterative calculation method was also

used to minimize the sum of the differences of experimental

and calculated 2H peak areas of aqueous CD3OH solutions.

In addition, proton/deuteron exchange between methyl and

methyl/hydroxyl groups was confirmed to be negligible,

while that among hydroxyl groups was detectable. These

results can be referenced for studying proton exchange

between various functional groups and biochemical reaction

mechanisms with isotope-enriched samples (especially with

deuterium).
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