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ABSTRACT: 1H NMR spectroscopy was used to analyze gasphase mixtures of methane and propane at pressures near 0.1
MPa. The mixtures were prepared gravimetrically and had low
uncertainty in their composition. The primary mixture used for
this work had a methane mole fraction of xmethane,grav = (0.506875
± 0.00019) and a propane mole fraction of xpropane,grav =
(0.493125 ± 0.00019). NMR samples were prepared in two
types of commercially available sample tubes that seal with a
PTFE piston. Sample pressures ranged from 0.02 to 0.5 MPa. An
analysis of measurement uncertainty for the NMR method
resulted in combined standard uncertainties that decreased from
0.0082x to 0.0010x, as the pressure increased from 0.02 to 0.5
MPa. The larger uncertainties at lower pressures were primarily
caused by uncertainties associated with phasing and baseline
correction. A key diﬃculty in working with gas-phase samples, especially at lower pressures, is that the spectral peaks are
inherently broad. Consequently, peak overlap was problematic, and it was not always possible to integrate a high percentage of a
peak’s intensity. However, with corrections to the integrated areas, based on the assumption of ideal Lorentzian peak shapes,
excellent agreement between the NMR analyses and the gravimetric composition was observed across the entire pressure range.
These experiments demonstrate the potential of 1H NMR for quantitative composition determinations of low-pressure gasphase mixtures.

N

Due to the low sensitivity of NMR spectroscopy for naturalabundance 13C, high sample pressure (4.4 MPa) and multiple
days of signal averaging were needed to collect spectra with
suﬃcient signal intensity for quantitation. Other reports on
gas-phase mixture analysis by NMR spectroscopy have not
carefully considered measurement uncertainties but have used
1
H or 19F, which are more favorable nuclei for quantitation.
The goals for our experiments were to optimize composition
determinations for simple gas-phase mixtures with pressures
near 0.1 MPa by 1H NMR spectroscopy, and to provide a
thorough analysis of the measurement uncertainty. As detailed
in the Results and Discussion section, gas-phase samples
present multiple diﬃculties for analysis by NMR spectroscopy,
especially at lower pressures. However, with sample pressures
near 0.1 MPa, measurements can be made in a standard NMR
probe with inexpensive, commercially available sample tubes.
Gravimetrically prepared mixtures of methane and propane
were chosen for this work for multiple reasons. First, both
compounds are stable and are available in high purity, so
mixtures with low uncertainty in composition could be

MR spectroscopy is widely used for quantitative analysis
of liquid-phase mixtures.1−13 1H NMR is particularly
valuable for this purpose because it is relatively easy to collect
spectra with high signal-to-noise ratios in which the NMR
signals are proportional to the number of nuclei that contribute
to the signal.14 It is well-known that, to achieve a quantitative
NMR spectrum, certain experimental conditions must be met.
These conditions, such as a pulse repetition time that is long
compared to the T1 relaxation time, have been well described
in the literature for liquid-phase samples.15−19 For liquid-phase
samples, the best composition determinations have reported
relative standard uncertainties as low as 0.1%.20
Despite its wide use for the analysis of liquid-phase mixtures,
NMR spectroscopy has been used to analyze gas-phase
mixtures in only a few cases.21−33 Of those, only one study
tested the accuracy of the method with a well-deﬁned gas
mixture,23 and that study was also the only one that reported
measurement uncertainties for the NMR analysis. In that work,
a gravimetrically prepared, 10-component natural gas surrogate
(with light hydrocarbons ranging from methane to hexane, as
well as CO2) was analyzed. Because of the complexity of the
mixture and the similarity of the mixture components, severe
peak overlap was observed in the 1H spectrum; hence, the 13C
spectrum had to be used for the composition determination.
© 2019 American Chemical Society
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T1 in the sample). Since four scans were used for all
quantitative experiments, the total spectral acquisition period
ranged from 72 to 164 s; consequently, the eﬀect of the
magnetic ﬁeld drift was negligible.
Processing of NMR Spectra. Data sets were zero-ﬁlled to
64k points. Exponential line broadening of 0.3 Hz was applied.
After greatly expanding the y-axis of the spectrum, the phase of
the peaks was adjusted manually to obtain purely absorptive
peaks. A variety of automatic phasing routines were tested, but
none were found to work well for all the spectra. Several
manuscripts have discussed the importance of phasing with
regards to quantitation in NMR.14,18,39,40 Rabenstein and
Keire14 and Derome39 suggest that a 5° phase oﬀset in the
spectrum will result in a 1% error in the integral value, but it is
not clear how broadly this can be applied. Consequently, we
estimated the eﬀect of phasing on the uncertainty of the mole
fraction determination in the following way. A well phased
spectrum for each sample was altered with the zero-order
phase until the phasing was obviously dispersive. Then the
integrals from these poorly phased spectra were used to
calculate mole fractions. The average observed diﬀerence in the
mole fraction determination at each nominal pressure, between
well phased and poorly phased spectra, was taken to
correspond to a 99.7% conﬁdence interval for the measurement uncertainty associated with manual phasing (uphase). For
the mole fraction determinations, uphase was the dominant
source of measurement uncertainty. The relative magnitude of
uphase increased at lower pressures; uphase was 0.0079xmethane for
the 0.02 MPa samples and 0.0008xmethane for the 0.5 MPa
samples (for the 50:50 mixture, uncertainties in xmethane and
xpropane are essentially identical).
Broad peaks are problematic for baseline correction methods
because any imperfection in the baseline correction is
multiplied by the integral width and because of the tendency
of such corrections to preferentially remove intensity from
broad peaks. We employed a multipoint baseline correction
routine with a fourth-order polynomial correction curve. With
this method, as with integration (see below), it is necessary to
consider line widths (fwhm). Speciﬁcally, it is advisable to
select baseline points that are at least hundreds of line widths
from any peak. The uncertainty caused by baseline drift (ubd)
in the corrected baseline was estimated by integrating regions
of baseline with the same widths as the integrals used for the
spectral peaks. The uncertainty caused by preferential removal
of intensity from broad peaks (ubc) was estimated by selecting
baseline points at diﬀerent distances from the spectral peaks
(see the Supporting Information for more details).
Other Sources of Measurement Uncertainty. The
integral-width correction (see the Results and Discussion
section) has some uncertainty due to uncertainty in the line
width determination (ulw); the Supporting Information
describes how u lw was determined. The peak-overlap
correction (see the Results and Discussion section) also has
some uncertainty due to uncertainty in the line width
determination, but the correction itself is so small
(≤0.0008x) for the 50:50 mixture that the uncertainty in the
correction was negligible. Additional sources of measurement
uncertainty have been well described for liquid-phase samples
and have similar eﬀects on gas-phase samples. Examples of
these include T1 (uT1), digital resolution (ures), frequency oﬀset
eﬀects (uexc), receiver gain, pulse calibrations, and others.
Additional details about the impact of these eﬀects on
measurement uncertainty are presented in the Supporting

prepared. Second, the vapor pressures of both components are
high enough to avoid condensation in the targeted pressure
and temperature range. Third, the 1H spectrum of the mixture
has enough peak separation so that peak deconvolution is not
required. Fourth, the diﬀering peak widths and multiplicities of
the methane and propane signals made it a good test case for
data manipulation procedures, such as peak integration.
This work demonstrates that 1H NMR spectroscopy can be
used to rapidly and accurately determine molar ratios in simple
gas mixtures at total pressures as low as 0.02 MPa (and partial
pressures as low as 0.01 MPa). Important applications of this
method can be envisioned. The use of NMR for vapor−liquid
equilibrium (VLE) measurements has been suggested,26 and in
fact, we are currently using 1H NMR spectroscopy to collect
VLE data for binary refrigerant mixtures. NMR spectroscopy
can also be used to monitor competitive adsorption,26,27
permeation,34 or reaction21,22,24,25,27,29,30,35 of gas-phase
mixtures in real time.

■

EXPERIMENTAL SECTION
Gas Mixtures. The gravimetrically determined mole
fractions of methane and propane in the primary mixture
used in this work were xmethane,grav = 0.506875 ± 0.00019 and
xpropane,grav = 0.493125 ± 0.00019. Unless otherwise stated, it is
this “50:50 mixture” that was used. Complete sample
preparation details from Richter and McLinden36 are
reproduced in the Supporting Information.
Preparation of NMR Samples. Two types of commercially available NMR sample tubes were used for this work, a
“low-pressure” tube was used in the pressure range from 0.02
to 0.12 MPa, and a “high-pressure” tube was used in the
pressure range from 0.083 to 0.50 MPa. Both types of tubes
were sealed with a greaseless PTFE piston. NMR samples were
prepared on a simple vacuum manifold that was constructed
around a central cross. The four arms of the cross led to a
vacuum pump, a pressure transducer, a sample supply tank,
and an attachment point for the NMR sample tube. A more
detailed description of the sample tubes and the vacuum
manifold is available in the Supporting Information.
Acquisition of NMR Spectra. Unless otherwise noted,
NMR spectra were acquired within an hour of sample
preparation. All NMR experiments were performed at 298.15
K on a commercially available 14.1 T spectrometer (operated
at a 1H frequency of 600.130 MHz) with a cryogenic probe.
Samples were shimmed manually,37 taking care to maximize
the area of the free induction decay and the line shape of the
resonances. Optimal shim settings depended on sample
pressure. After shimming, the peak shapes were checked with
an automated peak-ﬁtting routine that utilized a combination
of Lorentzian and Gaussian functions. In all but two spectra,
the optimized peak ﬁt weighted the Lorentzian function ≥0.98
for the central peaks. After shimming, the T1 relaxation time
was determined for each peak using an inversion−recovery
pulse sequence.38
To obtain quantitative spectra, a high-power, rectangular,
90° pulse was used. The 90° pulse width for 1H was optimized
at each nominal pressure, and it ranged from 15 to 17 μs. For
each spectrum, 32k data points were collected. The spectral
width was 9.02 ppm (5411 Hz), and the oﬀset frequency was
adjusted so that the group of three peaks was centered in the
spectrum. The prescan delay was 15 μs. The acquisition time
was 3.03 s, and the relaxation delay varied from 15 to 38 s (to
ensure that the pulse repetition time was ≥10 times the longest
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Information. Each individual source of uncertainty was added
in quadrature, in accordance with the Guide to the Expression
of Uncertainty in measurement,41 and the resulting combined
standard uncertainties are shown in the ﬁgures and tables. The
signal-to-noise ratio was sometimes treated as an independent
source of measurement uncertainty in NMR experiments.19,42
Our largest sources of measurement uncertainty, manual
phasing (uphase) and baseline correction (ubc and ubd),
increased as the signal-to-noise ratio decreased (i.e., as the
pressure decreased). We propose that these eﬀects are the
dominant factors that contribute to what other researchers
identify as uncertainty from the signal-to-noise ratio.

Table 1. Mole Fractions of Methane (xmethane) Determined
by 1H NMR Spectroscopy as a Function of Sample Pressure
(P)a

■

RESULTS AND DISCUSSION
Diﬀerences in the Analysis of Gas-Phase Mixtures
and Liquid-Phase Mixtures. In general, the approach used
for mole fraction determinations on low-pressure, gas-phase
mixtures is similar to the approach used for liquid-phase
mixtures. However, there are a few important diﬀerences
associated with gas-phase samples. First, sample preparation
and storage are more complicated. Second, there is no
deuterated solvent. Third, both T1 and T2 relaxation times
are strongly dependent on pressure, although diﬀerent trends
are observed for T1 and T2.28,43−45 These diﬀerences are
occasionally advantageous, but for the most part, they
complicate accurate mole fraction determinations. Each of
these diﬀerences is discussed in greater detail below.
As described in the Experimental Section, samples were
prepared in commercially available NMR sample tubes by use
of a vacuum manifold. The “high-pressure” tubes had
considerably thicker walls, which reduced the internal volume
(and thus sensitivity) by almost a factor of 4 compared to the
“low-pressure” tubes. Consequently, the low-pressure tubes
yielded signiﬁcantly better data at the lower end of the pressure
range. We found it necessary to do a routine leak check when
connecting either type of sample tube to the vacuum manifold
because that connection was not reliable. The leak check, along
with multiple ﬁll-and-evacuate cycles, resulted in a total sample
preparation period of about 40 min.
Obviously, gas-phase samples ﬁll the entire sample tube.
This is an advantage compared to liquid-phase samples in that
sample ﬁll height (which can inﬂuence sensitivity, shimming,
and repeatability19) is not a concern for gas-phase samples. On
the other hand, gas-phase samples are in direct contact with
every part of the sample tube, which can lead to problems with
sample storage and with temperature/density gradients. Due to
the design of NMR sample thermostats, a gas-phase sample in
a full-length (17 cm) NMR tube experiences a temperature/
density gradient.46 Control experiments (described in the
Supporting Information) showed that these gradients did not
inﬂuence the mole fraction determination for the methane−
propane samples. However, when using full-length tubes, such
gradients make it imperative to perform mole fraction
determinations at temperatures that are well above the dew
point of the mixture so that condensation does not occur. For
storage, sample sorption caused by PTFE47−49 and sample
leakage were concerns. Therefore, it is noteworthy, that the
high-pressure and low-pressure sample tubes yielded the same
results within the measurement uncertainty at 0.08 MPa (see
Table 1), despite diﬀerences in surface area and design.
Additionally, long-term tests of sample stability did not reveal
any problems for the methane−propane sample in the sample
tubes that we employed. For example, Figure 1 shows that, for

sample tube

P (MPa)

xmethane

low-pressure
low-pressure
low-pressure
low-pressure
low-pressure
low-pressure
low-pressure
low-pressure
low-pressure
low-pressure
low-pressure
low-pressure
high-pressure
high-pressure
high-pressure
high-pressure
high-pressure
high-pressure
high-pressure
high-pressure
high-pressure
high-pressure
high-pressure
high-pressure
high-pressure
high-pressure
high-pressure

0.0184
0.0190
0.0191
0.0418
0.0423
0.0436
0.0829
0.0833
0.0840
0.1184
0.1195
0.1180
0.0843
0.0839
0.0843
0.2117
0.2126
0.2116
0.3138
0.3136
0.3184
0.4151
0.4178
0.4178
0.5004
0.4988
0.4992

0.5043
0.5046
0.5056
0.5060
0.5061
0.5059
0.5060
0.5053
0.5062
0.5061
0.5055
0.5064
0.5065
0.5088
0.5060
0.5063
0.5073
0.5072
0.5066
0.5077
0.5073
0.5080
0.5077
0.5085
0.5071
0.5074
0.5073

a
The standard uncertainty in P is 0.0007 MPa. The standard
uncertainty for xmethane at each nominal pressure is given in Table 2.
The methane−propane mixture used for these measurements was
prepared gravimetrically to contain xmethane,grav = 0.506875 ± 0.00019.

Figure 1. Storage stability of a methane-propane sample at a pressure
of 0.0885 MPa in a low-pressure tube. Over the course of 16 days, the
mole fractions of propane (xpropane, shown here) and methane were
determined six times by 1H NMR spectroscopy. The NMRdetermined mole fractions did not change signiﬁcantly during this
period and were always in good agreement with the gravimetrically
determined value. The error bars show the combined standard
uncertainty in the NMR measurement, and the width of the gray line
shows the uncertainty in the gravimetric value.

a sample at a pressure of 0.0885 MPa in a low-pressure tube,
the mole fraction determination did not change signiﬁcantly
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over the course of 16 days of sample storage. However, when
∼1.5 g of additional PTFE was placed inside a low-pressure
sample tube, signiﬁcant changes in sample composition were
observed over the same time frame (see the Supporting
Information for more details). The impact of the preferential
sorption of sample components is expected to be most
problematic at low sample pressures, where even low levels of
sorption can signiﬁcantly shift sample composition. In short,
when working with gas-phase samples, it is important to test
for sample stability, and it is advisable to minimize sample
contact with porous materials (including most polymers).
Because of the lack of a deuterated solvent, automatic
shimming and frequency locking were not used in this work.
The lack of a frequency lock was not a problem for the system
studied herein. With a relatively high-ﬁeld magnet and a
cryogenic probe, acceptable signal-to-noise ratios were
achieved in less than 3 min, even at the lowest pressure.
Consequently, ﬁeld drift did not signiﬁcantly aﬀect peak shape.
Of course, in cases where much signal averaging is necessary,23
ﬁeld drift can be troublesome. The lack of a deuterated solvent
was more problematic from the standpoint of shimming. At
each nominal pressure, a tedious manual shimming process37
was used to optimize the shim settings for both peak shape and
intensity. This was necessary because good peak shapes are
required for the integral-width and peak-overlap corrections
that were done as part of the data analysis (see below). Of
course, if desired, it is possible to use a deuterium-containing
external reference that is contained in a sealed capillary or a
coaxial tube.44,46 The advantages of this approach include the
ability to use automated shimming and frequency locking. The
disadvantages include a reduction in the volume of gas-phase
sample in the active region of the NMR tube and the need to
do peak-overlap corrections for the reference peaks. An
experiment with a methane−propane sample and a sealed
capillary containing D2O is described in the Supporting
Information.
For spin-1/2 nuclei in polyatomic gases, the T1 relaxation
time constant is longest at very high densities (i.e., at high
pressures) and very low densities; at intermediate densities, T1
passes through a minimum.28,43−45 This behavior makes it
necessary to determine the relevant values of T1 at each
pressure to ensure that the delay between pulses is long
enough for (nearly) complete signal recovery. Near 0.1 MPa,
values of T1 for gas-phase samples are generally short,
especially for small, symmetric molecules.43,44 This is an
advantage for quantitative work because it shortens the time
required to collect spectra. The observed values of T1 were
longest at 0.5 MPa, decreased as the pressure decreased to 0.04
MPa, and then increased slightly at 0.02 MPa. This suggests
that the pressure range used for this study was near the
(optimal) minimum from the standpoint of T1. It is
advantageous if the spin-rotation mechanism of relaxation is
similar for the diﬀerent components of the mixture. This leads
to a similar behavior in T1 relaxation times, which facilitates the
acquisition of quantitative spectra.
The T2 relaxation time constant is not commonly measured
for gas-phase samples; however, for spin-1/2 nuclei in
polyatomic gases, T2 is expected to decrease with decreasing
density in the range studied herein.1,9,43,44 The observation of
broader line widths at lower pressures is consistent with this
expectation. Figure 2 shows the magnitude of this eﬀect. As
described below, proper handling of the integration of broad
peaks was a key to achieving low uncertainties at low pressure.

Figure 2. NMR spectra for methane−propane samples at (A) 0.5, (B)
0.12, and (C) 0.02 MPa. The line width (fwhm) for the methane peak
is about an order of magnitude broader at 0.02 MPa than at 0.5 MPa.

Systematic Approach for the Integration of Broad
Peaks. Lorentzian peaks can be described as a function of line
width. The signal intensity for an ideal Lorentzian peak shape
is described by the probability density function
ÄÅ
ÉÑ
ÑÑ
γ2
1 ÅÅÅÅ
ÑÑ
f (x ; x 0 , γ ) =
Å
Ñ
2
2
Å
πγ ÅÅÅÇ (x − x0) + γ ÑÑÑÑÖ
(1)
where x0 is the location of the peak maximum, and γ is the halfwidth at half of the maximum signal intensity (therefore, the
fwhm is 2γ). If the peak maximum is set at zero (i.e., x0 = 0
Hz), and the fwhm is set at 2 Hz (that is, γ = 1 Hz), then the
function simpliﬁes to
1
f (x ; 0, 1) =
π (1 + x 2)
(2)
Like all probability distribution functions, eqs 1 and 2
integrate to 1.0 if the integral limits are set to −∞ and +∞.
Hence, narrower integral limits can be used to determine the
fraction of peak intensity within a chosen number of line
widths on either side of the peak maximum. Integration of eq 2
with limits of −∞ to x gives
f (x ; 0, 1) =

arc tan(x)
+ 0.5
π

(3)

which is the fraction of the peak area from −∞ to x. To obtain
the normalized area fraction between any two limits, one
subtracts the value of eq 3 at the lower limit from the value of
eq 3 at the higher limit. Table S1 is a list of peak area fractions
vs the number of line widths integrated for whole-number,
symmetric, integral ranges up ±400 line widths.
For quantitative experiments, it is imperative to know what
fraction of each peak has been integrated. For example, to
capture 99.9% of the total peak intensity, one must integrate
4432

DOI: 10.1021/acs.analchem.8b04955
Anal. Chem. 2019, 91, 4429−4435

Article

Analytical Chemistry
Table 2. Uncertainty Budget at Each Nominal Sample Pressure (P)
relative standard uncertaintiesa
sample tube

P (MPa)

uphase (%)

ubc (%)

ubd (%)

ulw (%)

uexc (%)

ures (%)

uT1 (%)

ucb (%)

low-pressure
low-pressure
low-pressure
low-pressure
high-pressure
high-pressure
high-pressure
high-pressure
high-pressure

0.02
0.04
0.08
0.12
0.08
0.2
0.3
0.4
0.5

0.79
0.37
0.21
0.13
0.33
0.20
0.15
0.12
0.08

0.22
0.04
0.04
0.06
0.22
0.12
0.10
0.08
0.04

0.08
0.04
0.03
0.01
0.08
0.02
0.03
0.03
0.02

0.04
0.05
0.08
0.08
0.03
0.08
0.03
0.04
0.01

0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005

0.82
0.38
0.23
0.18
0.41
0.25
0.19
0.16
0.10

a
See the Experimental Section for a detailed description of each source of uncertainty. bThe combined standard uncertainty (uc) was calculated by
adding the uncertainties in quandrature.

illustrated example of the peak-overlap correction for a
methane−propane spectrum is provided in the Supporting
Information. Largely because of similarly sized peaks, the peakoverlap correction is relatively unimportant for the 50:50
mixture; the correction shifted the calculated mole fraction of
propane by ≤0.0008xpropane. However, for a 75:25 mixture of
methane and propane at similar pressures, the peak-overlap
correction shifted the calculated mole fraction of propane by as
much as 0.012xpropane, which illustrates the importance of
relative peak size for this correction.
Eﬀect of Peak Multiplicity on Integration. In spectra
with only singlet peaks, the integral-width and peak-overlap
corrections require no assumptions beyond a Lorentzian line
shape. Multiplet peaks complicate matters because the outer
peaks in a multiplet occupy a diﬀerent position within the
integral than the center peak(s), and the individual peaks of a
multiplet are typically too close together to be integrated
separately. Fortunately, if the integral limits are broad enough,
a multiplet can be treated as if it were a singlet without
introducing signiﬁcant error into the integral-width correction
or the peak-overlap correction. That is, one assumes that all the
intensity of the multiplet comes from a singlet at the center of
the multiplet with the same line width as that of the central
peak(s) in the multiplet. This “multiplet approximation” was
used for the all the data reported in the ﬁgures and tables. A
validation of the multiplet approximation is provided in the
Supporting Information.
Uncertainty of Mole Fraction Determinations as a
Function of Pressure. Methane−propane samples were
prepared with nominal pressures ranging from 0.02 to 0.5
MPa. The low-pressure tube was used for samples at nominal
pressures of 0.02, 0.04, 0.08, and 0.12 MPa. The high-pressure
tube was used for samples at nominal pressures of 0.08, 0.2,
0.3, 0.4, and 0.5 MPa. At each nominal pressure, three
independent samples of the 50:50 mixture were prepared for
NMR analysis. For each measurement that was done, Table 1
shows the NMR-determined mole fraction for methane. Table
2 shows the uncertainty budget and combined standard
uncertainty at each nominal sample pressure. The mole
fraction of propane for each measurement can be determined
by diﬀerence (and the uncertainty in xmethane and xpropane are
essentially identical for the 50:50 mixture). Figure 3 is a
deviation plot of the same information. The gray band in the
center of the plot shows the uncertainty in the composition of
the gravimetrically prepared mixture. Of the 27 samples shown
in Figure 3 and Table 1, there are only four cases in which the

319 line widths on either side of the peak (Table S1).
Occasional references to this issue exist in the literature,
usually with the conclusion that a certain number of line
widths need to be integrated to achieve a certain level of
accuracy.15,50 However, even for narrow spectral peaks, such
broad integral ranges are often not possible because of
insuﬃcient peak separation. The relatively broad peaks
observed for gas-phase samples, especially at lower pressures,
greatly exacerbate this problem. Our primary strategy for
achieving accurate integral values was to (1) determine the line
width of each peak, (2) set an integral range for each peak
based on the line width, and (3) then to apply a correction to
the integrated area based on the number of line widths
integrated. This “integral-width correction” was largest for the
lowest pressure samples, where line widths were the broadest.
For example, at nominal pressures of 0.02 MPa, where ±30
line widths were integrated for the propane peaks and ±10 line
widths were integrated for the methane peak, the integralwidth correction shifted the calculated mole fractions by
0.011x. An illustrated example of the integral-width correction
for a methane−propane spectrum is provided in the
Supporting Information. For some spectra, it is possible to
integrate all peaks of interest with integral regions that contain
the same number of line widths;50 this “equal-line widths
strategy” obviates the need for a correction. The equal-line
widths strategy was used for all samples with pressures ≥0.3
MPa, but at lower pressures, the methane singlet was too broad
for this to be feasible. Although the focus of this article is on
gas-phase samples, the integral-width correction (or equal-line
widths strategy) can be used for any NMR spectrum with
broad or closely spaced peaks. The integral-width correction is
also applicable when narrow integral regions are used to
minimize the inﬂuence of baseline drift.
Because of the shape of Lorentzian peaks, every peak
overlaps every other peak in an NMR spectrum; however, the
extent of overlap is not always signiﬁcant. The importance of
peak overlap increases rapidly as the relative sizes of the peaks
diverge, and as the peaks get closer together (in terms of the
number of line widths of separation). The importance of peakoverlap also increases as the integration ranges increase or
diverge in terms of the number of line widths integrated. A
“peak-overlap correction” was performed in much the same
way as the integral-width correction: the extent of overlap was
determined from eq 3 (or Table S1) based on the distance (in
terms of line widths) between a peak’s maximum and a
neighboring peak’s integral limits; then, the overlapping area
was subtracted from the neighboring peak’s integrated area. An
4433
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low-uncertainty mole fraction determinations and qNMR
experiments on challenging liquid-phase samples as well. The
low uncertainty of 1H NMR spectroscopy for the analysis of
gas-phase mixtures could be advantageous for many ﬁelds of
inquiry. We are currently exploring the use of 1H NMR
spectroscopy for high-accuracy measurements of vapor−liquid
equilibria.

■
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The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.analchem.8b04955.
Additional experimental details; the fraction of the total
peak intensity that is within a given number of line
widths on each side of the peak maximum; additional
information about the integration of spectral peaks at
each nominal pressure; example of the peak-overlap and
integral-width corrections; use of the integral-width and
peak-overlap corrections with multiplets; use of line
ﬁtting to determine peak areas; preferential adsorption
of propane by PTFE; results of an independent analysis
of all the spectra by a second spectroscopist; use of an
external deuterium lock with gas-phase samples; and
control experiments related to the use of open, fulllength, and NMR tubes for gas-phase samples (PDF)

Figure 3. Percent diﬀerence between the NMR-determined mole
fraction of methane (xmethane) and the gravimetric value (xmethane,grav)
as a function of sample pressure. ○, low-pressure sample tube; × ,
high-pressure sample tube. The error bars show the combined
standard uncertainty in the NMR measurement, and the width of the
gray line shows the standard uncertainty in the gravimetric value.
Excellent agreement was observed across the entire pressure range;
out of 27 samples, there are only 4 cases in which the combined
standard uncertainty interval for xmethane did not overlap the
uncertainty interval for xmethane,grav.

■

combined standard uncertainty interval for xmethane did not
overlap the uncertainty interval for xmethane,grav.
At higher pressures, the integral-width and peak-overlap
corrections are less important because the peaks are narrower.
For most of the measurements in the high-pressure NMR
tubes, the peak-overlap corrections were very small (≤0.02%
change in calculated mole fraction at pressures ≥0.2 MPa), and
the equal-line widths strategy (see above) was used for
integration, so no additional integral-width correction was
necessary. However, none of the measurements in the low
pressure tubes would overlap the uncertainty interval for
xmethane,grav without the integral-width and peak-overlap
corrections, and deviations as large as 1.6% would be observed
at the lowest pressures. Obviously, these corrections were a key
to achieving accurate results at low pressure.
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CONCLUSIONS
This work demonstrates the utility of 1H NMR spectroscopy
for the analysis of simple gas-phase mixtures at pressures near
0.1 MPa. The combined standard uncertainty in the mole
fraction determination decreased from 0.0082x to 0.0010x as
the pressure increased from 0.02 to 0.5 MPa. The larger
uncertainties at lower pressures are primarily caused by
uncertainties associated with phasing and baseline correction
(both of which are more problematic with lower signal-tonoise ratios and broader peaks). Preferential sorption of sample
components was not signiﬁcant for the measurements
presented herein but could be problematic in other systems.
A key diﬃculty in working with gas-phase samples, especially at
lower pressures, is that the spectral peaks are inherently broad.
This diﬃculty was surmounted by correcting the integrated
peak areas for peak overlap and integral width. With these
corrections, uncertainties comparable to the best liquid-phase
composition measurements by 1H NMR spectroscopy were
achieved. These same corrections can be applied to any NMR
spectrum with broad or closely spaced peaks, thus facilitating
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