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ABSTRACT: The speed of sound in helium was measured along
five isotherms in a temperature range from 273 to 373 K at
pressures from 15 to 100 MPa with a relative expanded uncertainty
(k = 2) from 0.02 to 0.04%. A dual-path pulse-echo system was
utilized to conduct these measurements. The data were compared
with the reference equation of state developed by Ortiz Vega et al.
At pressures up to 50 MPa, relative deviations were within the
uncertainty of our measurements, while, at higher pressures,
increasing negative deviations were observed up to -0.26%. We also
compared the results with predictions based on the virial equation
of state correct to the seventh virial coefficient, using the ab initio
virial coefficients reported recently by Gokul et al., finding agreement to within the experimental uncertainty at all investigated states.

1. INTRODUCTION
Helium is a noble gas with numerous important applications in
science and industry. Liquid helium is a crucial cryogen for
low-temperature applications, especially cooling of super-
conducting magnets.1,2 Due to its non-toxic nature and
properties that differ markedly from air, it is a perfect gas for
leak detection in high-pressure systems.3 In adsorption science,
helium is extensively used as an inert gas to determine the
skeletal volume of adsorbent materials.4−6 It is also used as a
carrier gas in gas chromatography.7 As it is the only gas with
small dimensions, low density, high speed of sound, and low
boiling point similar to hydrogen, it is also a perfect gas for
calibrating instruments used in connection with hydrogen
storage, transport, and utilization. Regarding hydrogen
liquefaction, helium is an important refrigerant, both in pure
form and as part of a mixture (e.g., helium/neon mixtures).8,9

For all these applications, a reliable description of the
thermophysical properties of helium is necessary. Therefore,
an equation of state (EOS) to calculate thermodynamic
properties of 4He was developed in 1990 by McCarty and
Arp.10 In 2013, Ortiz Vega11 published in his PhD thesis a
fundamental Helmholtz energy EOS which describes the
thermodynamic properties of helium more accurately than the
EOS of McCarty and Arp.10 However, in common
thermophysical property software such as REFPROP 10.012

or TREND 5.0,13 the EOS from the PhD thesis by Ortiz
Vega11 is superseded by an improved but unpublished EOS,
also due to Ortiz Vega et al.14 This EOS is dated 2015 and is
called the “final” EOS in both software and is also the EOS
recommended for helium by NIST.12 In the PhD thesis of
Ortiz Vega,11 the only speed of sound data considered for

gaseous helium were those of Gammon15 and Hurly et al.,16

which cover pressures below about 15 MPa. Thus, the EOS
was not validated for pressures above 15 MPa. The author
gives an uncertainty for the calculation of the speed of sound of
about 0.02%, as the EOS describes the data of Gammon15 with
deviations within ±0.02%. For the unpublished ’final’ EOS by
Ortiz Vega et al.,14 REFPROP 10 and TREND 5.0 specify that
the relative uncertainty of the speed of sound in the vapor
phase is 0.01%. It is not obvious if the “final” EOS was
optimized against the same data set or if additional speed of
sound data was considered. However, to the best of our
knowledge, no new speed of sound data in gaseous helium
were published after the initial publication of Ortiz Vega.11

A review of speed of sound data in gaseous helium available
in the literature is presented in Table 1. Absolute average
relative deviations (AARD) of the experimental data from
values calculated using REFPROP 10 with the unpublished
EOS of Ortiz Vega et al.14 are given. The data sets of
Gammon15 and Hurly et al.,16 which were used for the fitting
procedure described in the PhD thesis of Ortiz Vega,11 show
by far the lowest AARD. Therefore, it seems likely that both
data sets were used to adjust the unpublished EOS of Ortiz
Vega et al.14 The low- and ultra-low-pressure data reported by
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Van Itterbeek and co-workers17,18 show AARDs below 0.1%.
However, all other reported data show significant deviations. In
addition, it becomes apparent that there is a gap in the
literature for pressures of 15 to 100 MPa, as there are only very
limited data available, and these show high deviations from the
EOS.

The objective of the present work was to address the
identified gap in the literature by providing new speed of
sound data in gaseous helium at pressures from 15 to 100 MPa
and at temperatures between 273 K and 373 K.

2. EXPERIMENTAL SECTION
The speed of sound measurements were carried out with the
dual-path pulse-echo system described by Scholz et al.27 and Al
Ghafri et al.28 In this method, an ultrasonic transducer is
immersed in the fluid under study between two plane parallel
end plates located at different distances. The transducer is
excited to generate ultrasonic pulses that propagates through
the fluid to each side. The pulses are reflected from the ends
and return to the transducer, where the echoes are detected.
The speed of sound is then determined by the time difference
between the returning echoes and the difference between the
lengths of the two paths.

The dual-path pulse-echo technique is a well-established
technique for the determination of the speed of sound in
liquids.29−33 However, it is generally considered that pulse
techniques are not well suited to measurements on gases. This
is because the acoustic impedance of the fluid (the product of
the sound speed and the density) is generally low, leading to
weak and possibly poorly defined ultrasonic pulses.34 However,
Meier and Kabelac35,36 have shown that the dual-path pulse-
echo technique can be applied successfully to compressed
gases, leading to relative uncertainties in the measured speed of
sound as small as 0.01% when the acoustic impedance is
sufficient. Depending on the temperature, they reported clearly

distinguishable ultrasonic signals at pressures ≥7 MPa for
argon and ≥20 MPa for nitrogen. Dubberke et al.37 reported
measurements at pressures as low as 5 MPa for argon and
nitrogen.

As shown in Figure 1, the device used in this work consisted
of a ceramic piezoelectric disc transducer (Piezo Technologies,

type K360 with a diameter of 10 mm and a thickness of 0.4
mm) clamped perpendicular to the axis of a cylindrical
ultrasonic cell. The cell was fabricated from Invar 36 nickel-
iron alloy. Plane reflectors closed each end of the cell.
According to the dual-path pulse-echo principle, the distances
from the transducer disc to the two reflectors are different and,
in the present work, the nominal lengths were L1 = 20 mm and
L2 = 30 mm. To conduct a measurement, the transducer disc
was excited by a three-cycle sinusoidal tone burst with a
frequency of 5 MHz and an amplitude of 20 Vp‑p. This tone
burst was generated by a function generator (Agilent, model
33220A), and the returning echoes were captured by a digital
oscilloscope (Agilent, model DSO6012A). The ultrasonic cell
was mounted in a pressure vessel rated for pressures up to 400
MPa. The pressure vessel was immersed in a temperature-
controlled bath (Fluke, model 6020), which was filled with a
water-ethylene glycol mixture. To achieve temperatures below
313 K, a copper heat exchanger, connected to a closed-circuit
chiller (Huber, model CC-K6s), was immersed in the bath
fluid. The pressure was regulated by using a manual syringe
pump and measured by a pressure transducer (Keller, model
33X, 100 MPa full scale), both located in the piping outside of
the bath. The temperature of the pressure vessel was measured
with a platinum resistance thermometer (Fluke, model 5615)
immersed in an axial thermometer well and connected to a
resistance read-out unit (Fluke, model 1502A).

The speed of sound c was determined from the measured
time delay Δt between the echoes returning on the short and
the long paths, for which the path difference is 2(L2 − L1),
according to the equation

c
L L

t
2( )2 1=

+ (1)

Here, τ is a small correction for diffraction given by38

S S( , ) ( , )2 2 1 1=
(2)

where S( , )i i is the diffraction phase advance, Si = 2Liλ/b2, λ
is the wavelength, b is the effective transducer radius, χi = 2Li/
b, and ω is the angular frequency. In the present case, the

Table 1. Review of Speed of Sound Data in Gaseous Helium
Reported in the Literature Where N is the Number of Data
Points, T is the Temperature, p is the Pressure, and ΔAARD is
the Absolute Average Relative Deviations of the
Experimental Data Set from the Unpublished EOS (2015)
of Ortiz Vega et al.14 as Calculated Using REFPROP 1012

Author(s) Year N T/K p/MPa
ΔAARD
(%)

Gammon15 1976 204 98−
423

1−15 0.005

Hurly et al.16 1997 162 225−
400

0.2−1.5 0.013

Van Itterbeek and Van
Doninck17

1949 4 75−90 0.1 0.088

Van Itterbeek and
Mariens18

1940 12 294−
347

10−5−10−4 0.089

van Itterbeek and
Thys19

1938 4 220−
291

0.09−0.1 0.53

Kimura et al.20 1987 20 298 10−200 1.49
Pitaevskaya and
Bilevich21

1970 168 298−
473

40−400 2.48

Vidal et al.22 1980 10 298 100−1000 9.76
Hanayama and
Kimura23

1995 20 295 52−3000 12.0

Kortbeek et al.24 1988 164 98−
298

100−1000 12.3

Nishitake and
Hanayama25

1975 15 298 137−1470 14.0

Curtis26 1934 2 273 0.1 14.6

Figure 1. Cross-sectional view of the cylindrical ultrasonic cell.
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clamping arrangement reduces the effective transducer radius
to b = 4 mm.

The path length difference ΔL = (L2 − L1) is represented as
a function of temperature and pressure as follows

Ä
Ç
ÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑL T p L T T p p( , ) 1 ( )

3
( )0 0 0= +

(3)

Here, ΔL0 is the length difference at a reference temperature
T0 and reference pressure p0, which was determined by a
calibration measurement in gaseous nitrogen at T0 = 298.15 K
and p0 = 70 MPa. Additionally, α is the mean thermal
expansivity over the interval [T0, T], and β is the
compressibility of the cell material. The thermal expansion
coefficient of the Invar alloy was determined experimentally via
dilatometry at the UK National Physical Laboratory at
temperatures between 223 K and 473 K. From these results,
the following correlation for the temperature-dependent mean
thermal expansion coefficient was determined by Scholz et al.27

a T10
K

( /K 298.15)i
i

6

1
0

3· =
(4)

For the mean isothermal compressibility of Invar, Scholz et
al.27 established a correlation based on isothermal bulk
modulus values reported by Hausch and Warlimont39

b T
GPa

( ( /K 298.15) )i
i

1
0

2
1=

(5)

The parameters for both correlations are given in Table 2.

Before filling with gas, the vessel and connecting tubing were
evacuated. Since the speed of sound in helium differs greatly
from that in plausible impurities such as nitrogen and water
vapor, impurities have a strong influence on measurements of
the speed of sound in helium. Therefore, five filling-evacuation
cycles of the vessel and the tubing were performed for both
gases before the final gas samples were transferred into the
system. For each cycle, the system was filled to a pressure of
about 10 MPa with the gas under investigation and then
exhausted to vacuum. The helium and nitrogen used are
described in Table 3.

The reference EOS of Span et al.40 was used to calculate the
speed of sound in nitrogen. Span et al.40 state that the
uncertainty in the speed of sound at our calibration conditions
is 0.6%, which was a conservative estimation made in the
absence of validation data. With this high estimated
uncertainty, nitrogen would have not been a suitable
calibration gas. However, Meier and Kabelac36 showed by
measuring several isotherms from 275 to 400 K and pressures
up to 100 MPa that the uncertainty of the EOS is actually
much lower. For the isotherm measured at 300 K, close to our
calibration temperature of 298.15 K, they report relative
deviations from the EOS within ±0.01%. Due to this reason,
the deviations reported by Meier and Kabelac36 from the
nitrogen EOS of about ±0.01% were assumed as the relative
standard uncertainty for the speed of sound c0 in nitrogen at
calibration conditions.

The uncertainties of the measurements were estimated
considering the working equation given by Scholz et al.,27 in
which the path difference ΔL was eliminated in favor of the
time difference Δt0 and speed of sound c0 in nitrogen at
calibration temperature T0 and pressure p0. The uncertainty
contribution of the diffraction term was neglected, as the
influence of τ, in general, is small. The standard uncertainty is
given by
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For the time differences, an amplitude-dependent standard
uncertainty was considered, as it was observed that at low
pressures (i.e., small acoustic impedances), the weak echo
signals influenced the repeatability of the measured time
differences. To address this, the standard uncertainty of Δt was
related to the amplitude A1 of the first echo as follows

u t
A

( ) 0.0005 s 0.0005 s
100 mV

1
= + · ·

(7)

Due to different acoustic impedances, the amplitude
measured depended on the gas under study and the pressure.
In nitrogen, an amplitude of 127 mV was measured at a
temperature of 298.15 K and a pressure of 30 MPa, while at
the same temperature, an amplitude of 665 mV was measured
at a pressure of 100 MPa. In helium, the smallest amplitude of
19 mV was measured at a temperature of 348.15 K and a
pressure of 15 MPa, while the highest amplitude of 169 mV
was measured at a temperature of 273.15 K and a pressure of
100 MPa. Therefore, the influence of the amplitude on the
standard uncertainty of Δt was significantly greater for helium
than for nitrogen. For the thermal expansion coefficient and

Table 2. Parameters of eq 4 for Mean Thermal Expansion
Coefficients and of eq 5 for Mean Isothermal
Compressibility27

i = 0 i = 1 i = 2 i = 3

ai 1.650 8.552 × 10−4 2.941 × 10−5 4.397 × 10−8

bi 1.061 × 102 3.155 × 10−2 3.722 × 10−4

Table 3. Description of the Gas Samples Used for the Speed
of Sound Experiments, Where x Denotes Mole Fraction

Gas CAS number Supplier Purity x Purification method

helium 7440-59-7 BOC 0.99999a none
nitrogen 7727-37-9 BOC 0.999995b none

aImpurities (stated by supplier): x(N2) ≤ 5.0 × 10−6, x(H2O) ≤ 2.0
× 10−6, x(O2) ≤ 2.0 × 10−6, x(H2) ≤ 1.0 × 10−6, x(CO2) ≤ 0.5 ×
10−6, and x(CxHy) ≤ 0.5 × 10−6. bImpurities (stated by supplier):
x(H2O) ≤ 1.0 × 10−6, x(O2) ≤ 1.0 × 10−6, x(H2) ≤ 1.0 × 10−6,
[x(CO) + x(CO2)] ≤ 1.0 × 10−6, and x(CxHy) ≤ 0.5 × 10−6.
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the isothermal compressibility, relative standard uncertainties
of about 10 and 1%, respectively, were assumed as reported by
Scholz et al.27 The standard uncertainty in the temperature
measurement is 0.015 K.27 The standard uncertainty of
pressure was estimated from the total uncertainty given by
the manufacturer (0.05% of full scale) considered as a
rectangular distribution. With a divisor of √3, this leads to a
standard uncertainty in pressure of 0.03 MPa.

3. RESULTS AND DISCUSSION
3.1. Calibration Measurements in Nitrogen. As

described above, a one-point calibration was performed with
nitrogen gas at T0 = 298.15 K and p0 = 70 MPa. By adjusting
ΔL0, the deviation of the measurement from the EOS of Span
et al.40 was reduced to zero at that point, yielding 2ΔL0 =
19.6972 mm. Additional measurements were carried out along
the same isotherm at pressures between 30 and 100 MPa. In all
cases, a small correction was applied to account for the long
vibrational relaxation time of nitrogen, as detailed by Meier
and Kabelac.36 In Figure 2, relative deviations of the

experimentally determined speed of sound values in nitrogen
from the values calculated with the EOS of Span et al.40 are
shown. Based on the calibration, the experimental speeds of
sound are in excellent agreement with the EOS with all
deviations within ±0.005%.

3.2. Measurements in Helium. The speed of sound in
helium was measured along five isotherms at temperatures of
(273, 298, 323, 348, and 373) K. Each isotherm consisted of
ten different pressures, ranging from (15 to 100) MPa.
Measurements below 15 MPa could not be analyzed properly,
as the echoes were not clearly distinguishable. The
experimental speeds of sound are shown as a function of
pressure in Figure 3 and listed in Table 4 with the
corresponding temperature T, pressure p, and expanded
uncertainties Uc(c). The speeds of sound increase with
increasing temperature and increasing pressure consistently.
The expanded uncertainties were based on eq 6 with a
coverage factor k = 2. As an example, the uncertainty budget
for the measurement at T = 323 K and p = 40 MPa is detailed
in Table 5. Since, on the one hand, the uncertainty of the time
differences is a function of the signal amplitude according to eq
7 and, on the other hand, the absolute speed of sound values is
increasing with pressure, the values of the expanded

uncertainty initially decrease and then increase with increasing
pressure.

3.3. Comparison of Measurements with the Helm-
holtz Equation of State. In Figure 4, we compare the
experimental speeds of sound with the unpublished EOS of
Ortiz Vega et al.14 as implemented in REFPROP 10 along each
isotherm individually. The experimental values are shown with
the corresponding relative expanded uncertainty. In addition,
we also plot the comprehensive data set reported by
Gammon,15 two data points reported by Kortbeek et al.,24

and one data point reported by Vidal et al.22 For the five
investigated isotherms, the deviations from the EOS show a
consistent trend. Up to pressures of 50 to 60 MPa, the
experimental values are in very good agreement with the EOS,
with deviations within ±0.03%, which is within the expanded
uncertainty of the measurements. With further pressure
increases, negative deviations of increasing magnitude can be
observed. The worst deviations, observed at the greatest
pressure, improve progressively with increasing temperature
from −0.26% at T = 273 K to −0.15% at T = 373 K.

The data of Gammon,15 who measured up to 15 MPa, agree
very well with the EOS. This is no surprise as this is one of the
two primary data sets used for the development of the EOS.
But as the data are also in very good agreement with the
present results, they can be interpreted as validating the
presented work at p = 15 MPa. Vidal et al.22 reported one data
point at p = 100 MPa and T = 298 K, which is also in very
good agreement with the present work. Measurements at
higher pressure by Vidal et al.22 also follow this consistent
trend (not shown here). The two data points reported by
Kortbeek et al.24 at p = 100 MPa and T = (273 and 298) K,
respectively, show also negative deviations from the EOS, but
at around -0.11%, their values are closer to the calculated
values than ours. However, Kortbeek et al.24 report that the
lowest pressure at which they could measure was 130 MPa,
and the values reported at 100 MPa were obtained by
extrapolation. Hanayama and Kimura,23 Kimura et al.,20 and
Pitaevskaya and Bilevich21 reported data in the pressure range
up to 100 MPa as well, but the deviations of their data from
the EOS range in that pressure regime are between -2.1 and
+5.5% and show no clear pressure-depending trend, which is
the reason why they are not shown in Figure 4. These large

Figure 2. Relative deviations of the experimentally determined speed
of sound values cexp in nitrogen at a temperature of 298.15 K from the
values calculated with the EOS (dashed line) of Span et al.40

Figure 3. Measured speed of sound values in helium at five different
temperatures.
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deviations might also be a reason why the data sets were not
considered for the development of the EOS.

3.4. Comparison with Data from Ab Initio Acoustic
Virial Coefficients. The EOS of helium is amenable to
theoretical evaluation based on ab initio interatomic potential-
energy functions. Starting from such interatomic potentials,
one can evaluate the temperature-dependent virial coefficients
Bn in the virial EOS (VEOS)

Z p RT B B B( / ) 1 2 32 3 4= = + + + + ··· (8)

Here, Z is the compressibility factor, ρ is the molar density,
and Bn is the nth temperature-dependent virial coefficient. The
second virial coefficient B2 rigorously depends only upon the
interatomic pair-potential-energy function, while the higher-
order virial coefficients involve many-body interactions and

require non-additive corrections to the interatomic potential
energy. The virial EOS leads in turn to a similar power-series
expansion for the “acoustic compressibility factor” Za as follows

i
k
jjjjj

y
{
zzzzzZ Mc

RT
1a

2

0
2 3

2
4

3= = + + + + ···
(9)

Here, γ0 = 5/3, and Ωn is the nth acoustic virial coefficient,
which is related to the corresponding, and all lower order,
ordinary virial coefficients Bn and their first two temperature
derivatives. The EOS in this form has been studied in detail by
Gokul et al.41 on the basis of the ab initio pair potential of
Przybytek et al.42,43 and the non-additive three-body correction
of Cencek et al.44 Gokul et al.41 present precise calculations of
the acoustic virial coefficient up to order n = 7, estimates of the

Table 4. Experimental Speed of Sound Data c in Helium with Expanded Uncertainties U(c) with a Coverage Factor of k = 2 at
Temperature T and Pressure pa

T/K p/MPa c/(m·s−1) U(c)/(m·s−1) T/K p/MPa c/(m·s−1) U(c)/(m·s−1)

273.157 14.998 1041.55 0.34 323.154 60.097 1287.27 0.34
273.160 20.117 1064.15 0.32 323.155 70.090 1321.24 0.35
273.160 30.100 1106.95 0.30 323.155 80.055 1353.90 0.36
273.160 40.111 1148.36 0.30 323.154 89.961 1385.49 0.36
273.160 50.040 1187.73 0.30 323.154 99.565 1415.62 0.35
273.162 60.063 1226.20 0.31 348.135 14.943 1156.64 0.49
273.160 69.949 1262.85 0.31 348.141 20.066 1175.85 0.42
273.161 79.566 1297.16 0.32 348.138 29.999 1212.61 0.34
273.161 89.988 1333.23 0.33 348.138 40.077 1248.63 0.33
273.160 99.569 1365.46 0.33 348.139 49.945 1283.11 0.34
298.153 15.049 1081.51 0.39 348.139 60.008 1316.73 0.34
298.153 20.053 1102.39 0.35 348.137 69.999 1349.35 0.34
298.154 30.061 1143.06 0.33 348.137 80.000 1381.46 0.34
298.152 40.046 1182.23 0.33 348.140 90.039 1412.15 0.35
298.151 50.016 1219.97 0.41 348.142 99.657 1441.39 0.36
298.153 59.989 1256.45 0.33 373.147 15.061 1193.40 0.44
298.154 69.979 1291.79 0.34 373.148 20.080 1211.48 0.43
298.152 79.978 1326.03 0.34 373.148 30.068 1246.54 0.37
298.154 90.017 1359.44 0.34 373.151 40.133 1281.26 0.35
298.153 99.567 1390.42 0.35 373.150 50.151 1314.55 0.35
323.153 15.234 1120.50 0.38 373.150 60.131 1347.24 0.35
323.157 20.108 1139.91 0.35 373.153 70.004 1377.99 0.35
323.155 30.113 1178.65 0.33 373.150 80.113 1409.27 0.36
323.154 40.056 1215.84 0.32 373.153 89.994 1438.45 0.36
323.153 50.060 1252.14 0.35 373.146 99.653 1466.72 0.37

aStandard uncertainties are u(T) = 0.015 K and u(p) = 0.03 MPa.

Table 5. Uncertainty Budget for the Speed of Sound in Helium at a Pressure of p = 40.056 MPa and a Temperature of T =
323.154 K, in Which c0,EOS is the Calculated Speed of Sound in Nitrogen at Calibration Conditions, Δt0 is the Time Difference
at Calibration Conditions, Δt is the Time Difference at Measurement Conditions, α is the Mean Thermal Expansion
Coefficient over the Interval [T0, T], and β is the Isothermal Compressibility at Measurement Conditionsa

Quantity Value Standard uncertainty Sensitivity coefficient Uncertainty contribution

c0,EOS 707.34 m·s−1 0.0707 m·s−1 1.719 0.122 m·s−1

Δt0 27.8421 μs 0.0005 μs 43.664 m·s−1·μs−1 0.022 m·s−1

T0 298.152 K 0.015 K 0.069 m·s−1·K−1 0.001 m·s−1

p0 69.961 MPa 0.03 MPa 1.43 m·s−1·MPa−1 0.041 m·s−1

Δt 16.2016 μs 0.0012 μs 75.036 m·s−1·μs−1 0.091 m·s−1

α 1.65 × 10−6 K−1 1.65 × 10−7 K−1 3.04 × 104 m·s−1·K 0.005 m·s−1

β 9.33 × 10−6 MPa−1 9.33 × 10−8 MPa−1 1.2 × 104 m·s−1·MPa 0.001 m·s−1

T 323.154 K 0.015 K 0.199 m·s−1·K−1 0.003 m·s−1

P 40.056 MPa 0.03 MPa 1.06 m·s−1·MPa−1 0.031 m·s−1

aCombined expanded uncertainty (k = 2) of c = 0.32 m·s−1.
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statistical uncertainty of each coefficient, and correlations of
both Bn and Ωn as functions of temperature.

To apply this EOS, we first solved eq 8 for the molar density
corresponding to the experimental temperatures and pressure
and then used eq 9 to evaluate the speed of sound using, in
both equations, coefficients up to n = 7 as correlated by Gokul
et al.41 We did not make use of the pressure-series expansion of
Za reported by Gokul et al.41 because it does not appear to
converge at the highest pressures studied in this work. On the
other hand, both eqs 8 and 9 appear to converge to this order
to within 0.01%, as judged by the difference between
truncation after n = 6 and after n = 7. Furthermore, the
uncertainties of the virial coefficients as reported by Gokul et
al.41 give rise to uncertainties in Z or Za which are smaller than
0.015%. Figure 5 compares our experimental speeds of sound
with those calculated from the virial EOS and, remarkably, the
agreement is within the experimental uncertainty over the
entire pressure range. Also plotted in Figure 5 are the values at
p = 100 MPa reported by Vidal et al.22 and by Kortbeek et
al.;24 the former also showing excellent agreement with the
acoustic virial EOS.

4. CONCLUSIONS
The speed of sound in gaseous helium was measured along five
isotherms from (273 to 373) K and in a pressure range from
(15 to 100) MPa using the dual-path pulse-echo technique.
This new data set fills a significant gap in the database of the

Figure 4. Relative deviations of the experimentally determined speeds of sound cexp in helium at five different temperatures from the values
calculated with the unpublished EOS of Ortiz Vega et al. (dashed line):14 ×, this work; ◯, Gammon;15◇, Vidal et al.,22 △, Kortbeek et al.24

Figure 5. Relative deviations of the experimentally determined speeds
of sound cexp in helium from the values calculated with the ab initio
VEOS by Gokul et al. (dashed line).41 ×, this work; ◇, Vidal et al.,22

△, Kortbeek et al.24 Colors denote temperature: red = 373 K; blue =
348 K; green = 323 K; purple = 298 K; brown = 273 K.
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thermodynamic properties of helium. The expanded un-
certainty of the speed of sound measurements ranges from
(0.30 to 0.49) m·s−1, fractionally (0.02 to 0.04)%. At pressures
up to 50 MPa, the data agree within the experimental
uncertainty with the de facto reference EOS, the unpublished
equation of Ortiz Vega et al.,14 implemented in common
thermophysical property software such as REFPROP 10 and
TREND 5.0. At higher pressures, negative deviations of
increasing magnitude are consistently observed, with the worst
case being a relative deviation of -0.26% at T = 273 K and p =
100 MPa. Since Ortiz Vega et al.14 considered data only up to
15 MPa, the EOS was not previously validated for higher
pressures. It can now be concluded that the uncertainty of the
Ortiz Vega et al. EOS at pressures above 60 MPa is
significantly greater than the estimates of 0.01% given in
REFPROP 10 and TREND 5.0. The new experimental data
may be an important contribution in the future to the
optimization of a new wide-ranging EOS for helium.
Remarkably, the present results agree with the predictions of
the virial EOS, with the ordinary and acoustic virial coefficients
reported by Gokul et al.,41 at all investigated state points.
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(14) Ortiz Vega, D. O.; Hall, K. R.; Holste, J. C.; Arp, V. D.; Harvey,

A. H.; Lemmon, E. W. Final Helmholtz Equation of State for Helium.
unpublished, 2015.
(15) Gammon, B. E. The velocity of sound with derived state

properties in helium at −175 to 150 °C with pressure to 150 atm. J.
Chem. Phys. 1976, 64, 2556.
(16) Hurly, J. J.; Schmidt, J. W.; Boyes, S. J.; Moldover, M. R. Virial

equation of state of helium, xenon, and helium-xenon mixtures from
speed-of-sound and burnett PρT measurements. Int. J. Thermophys.
1997, 18, 579−634.
(17) Van Itterbeek, A.; Van Doninck, W. Measurements on the

Velocity of Sound in Mixtures of Hydrogen, Helium, Oxygen,
Nitrogen and Carbon Monoxide at Low Temperatures. Proc. Phys.
Soc., London, Sect. B 1949, 62, 62−69.
(18) van Itterbeek, A.; Mariens, P. Sound absorption in light gases.

Physica 1940, 7, 938−944.
(19) van Itterbeek, A.; Thys, L. Measurements on the absorption

and the velocity of sound in hydrogen-deuterium-helium- and neon
gas. Physica 1938, 5, 889−897.
(20) Kimura, M.; Hanayama, Y.; Nishitake, T. Measurement of

Ultrasound Velocity in Gases under High Pressures up to 3.5 GPa.
Jpn. J. Appl. Phys. 1987, 26, 1366.
(21) Pitaevskaya, L. L.; Bilevich, A. V. Velocity of Ultrasound in

Compressed Helium. Zh. Fiz. Khim. 1970, 44, 1594−1595.
(22) Vidal, D.; Tufeu, R.; Garrabos, Y.; Le Neindre, B.

Thermophysical properties of noble gases at room temperatures up
to 1 GPa. Proceedings of the VIIth International AIRAPT Conference,
1980; pp 692−698.
(23) Hanayama, Y.; Kimura, M. Condensed State of Noble Gases

and Its Sound Velocity under High Pressure. Netsu Bussei 1995, 9,
189−194.
(24) Kortbeek, P. J.; van de Ridder, J. J.; Biswas, S. N.; Schouten, J.

A. Measurement of the compressibility and sound velocity of helium
up to 1 GPa. Int. J. Thermophys. 1988, 9, 425−438.
(25) Nishitake, T.; Hanayama, Y. Velocity of Ultrasound Wave in

Helium, Argon, and Nitrogen Gases at High Pressure. J. Phys. Soc. Jpn.
1975, 39, 1065−1067.
(26) Curtis, R. W. An Experimental Determination of Ultrasonic

Absorption and Reflection Coefficients in Air and in Carbon Dioxide.
Phys. Rev. 1934, 46, 811−815.

Journal of Chemical & Engineering Data pubs.acs.org/jced Article

https://doi.org/10.1021/acs.jced.3c00083
J. Chem. Eng. Data 2023, 68, 1305−1312

1311

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="J.+P.+Martin+Trusler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6403-2488
https://orcid.org/0000-0002-6403-2488
mailto:m.trusler@imperial.ac.uk
mailto:m.trusler@imperial.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carsten+Wedler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8275-912X
https://orcid.org/0000-0002-8275-912X
https://pubs.acs.org/doi/10.1021/acs.jced.3c00083?ref=pdf
https://doi.org/10.1088/0953-2048/26/9/093001
https://doi.org/10.1088/0953-2048/26/9/093001
https://doi.org/10.1016/j.cryogenics.2018.08.004
https://doi.org/10.1016/j.cryogenics.2018.08.004
https://doi.org/10.1116/1.577450
https://doi.org/10.1016/j.ces.2020.116281
https://doi.org/10.1016/j.ces.2020.116281
https://doi.org/10.1016/j.ces.2020.116281
https://doi.org/10.1007/s10450-021-00341-9
https://doi.org/10.1007/s10450-021-00341-9
https://doi.org/10.1016/j.micromeso.2018.06.050
https://doi.org/10.1016/j.micromeso.2018.06.050
https://doi.org/10.1016/j.micromeso.2018.06.050
https://doi.org/10.1016/s0165-9936(02)00806-3
https://doi.org/10.1063/1.5142275
https://doi.org/10.1063/1.5142275
https://doi.org/10.1039/d2ee00099g
https://doi.org/10.1039/d2ee00099g
https://doi.org/10.1039/d2ee00099g
https://doi.org/10.1021/acs.iecr.2c01427?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.2c01427?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.432508
https://doi.org/10.1063/1.432508
https://doi.org/10.1007/bf02575125
https://doi.org/10.1007/bf02575125
https://doi.org/10.1007/bf02575125
https://doi.org/10.1088/0370-1301/62/1/308
https://doi.org/10.1088/0370-1301/62/1/308
https://doi.org/10.1088/0370-1301/62/1/308
https://doi.org/10.1016/s0031-8914(40)90151-3
https://doi.org/10.1016/s0031-8914(38)90665-2
https://doi.org/10.1016/s0031-8914(38)90665-2
https://doi.org/10.1016/s0031-8914(38)90665-2
https://doi.org/10.1143/jjap.26.1366
https://doi.org/10.1143/jjap.26.1366
https://doi.org/10.2963/jjtp.9.189
https://doi.org/10.2963/jjtp.9.189
https://doi.org/10.1007/bf00513081
https://doi.org/10.1007/bf00513081
https://doi.org/10.1143/jpsj.39.1065
https://doi.org/10.1143/jpsj.39.1065
https://doi.org/10.1103/physrev.46.811
https://doi.org/10.1103/physrev.46.811
pubs.acs.org/jced?ref=pdf
https://doi.org/10.1021/acs.jced.3c00083?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(27) Scholz, C. W.; Sanchez-Vicente, Y.; Tananilgul, T.; Thol, M.;
Trusler, J. P. M.; Richter, M. Speeds of Sound in n-Pentane at
Temperatures from 233.50 to 473.15 K at Pressures up to 390 MPa. J.
Chem. Eng. Data 2020, 65, 3679−3689.
(28) Al Ghafri, S. Z. S.; Matabishi, E. A.; Trusler, J. M.; May, E. F.;

Stanwix, P. L. Speed of sound and derived thermodynamic properties
of para-xylene at temperatures between (306 and 448) K and at
pressures up to 66 MPa. J. Chem. Thermodyn. 2019, 135, 369−381.
(29) Lin, C. W.; Trusler, J. P. M. The speed of sound and derived

thermodynamic properties of pure water at temperatures between
(253 and 473) K and at pressures up to 400 MPa. J. Chem. Phys.
2012, 136, 094511.
(30) Ball, S. J.; Trusler, J. P. M. Speed of Sound of n-Hexane and n-

Hexadecane at Temperatures Between 298 and 373 K and Pressures
up to 100 MPa. Int. J. Thermophys. 2001, 22, 427−443.
(31) Scholz, C. W.; Richter, M. Speeds of Sound in n-Hexane and n-

Heptane at Temperatures from (233.33 to 353.21) K and Pressures
up to 20 MPa. Int. J. Thermophys. 2020, 42, 18.
(32) Hawary, A. E.; Meier, K. Measurements of the Speed of Sound

in Liquid n-Butane. J. Chem. Eng. Data 2016, 61, 3858−3867.
(33) Javed, M. A.; Baumhögger, E.; Vrabec, J. Thermodynamic

Speed of Sound Data for Liquid and Supercritical Alcohols. J. Chem.
Eng. Data 2019, 64, 1035−1044.
(34) Goodwin, A.; Trusler, J. P. M. Speed of sound. In Measurement

of the thermodynamic properties of single phases; Goodwin, A., Marsh,
K., Wakeham, W., Eds.; Experimental Thermodynamics; Elsevier, 2003;
pp 237−323.
(35) Meier, K.; Kabelac, S. Speed of sound instrument for fluids with

pressures up to 100 MPa. Rev. Sci. Instrum. 2006, 77, 123903.
(36) Meier, K.; Kabelac, S. Speed-of-Sound Measurements in

Compressed Nitrogen and Dry Air. J. Chem. Eng. Data 2016, 61,
3941−3951.
(37) Dubberke, F. H.; Baumhogger, E.; Vrabec, J. Burst design and

signal processing for the speed of sound measurement of fluids with
the pulse-echo technique. Rev. Sci. Instrum. 2015, 86, 054903.
(38) Trusler, J. P. M. Physical Acoustics and Metrology of Fluids;

Adam Hilger, 1991.
(39) Hausch, G.; Warlimont, H. Single crystalline elastic constants of

ferromagnetic face centered cubic Fe-Ni invar alloys. Acta Metall.
1973, 21, 401−414.
(40) Span, R.; Lemmon, E. W.; Jacobsen, R. T.; Wagner, W.;

Yokozeki, A. A Reference Equation of State for the Thermodynamic
Properties of Nitrogen for Temperatures from 63.151 to 1000 K and
Pressures to 2200 MPa. J. Phys. Chem. Ref. Data 2000, 29, 1361−
1433.
(41) Gokul, N.; Schultz, A. J.; Kofke, D. A. Speed of Sound in

Helium-4 from Ab Initio Acoustic Virial Coefficients. J. Chem. Eng.
Data 2021, 66, 3258−3281.
(42) Przybytek, M.; Cencek, W.; Komasa, J.; Łach, G.; Jeziorski, B.;

Szalewicz, K. Relativistic and Quantum Electrodynamics Effects in the
Helium Pair Potential. Phys. Rev. Lett. 2010, 104, 183003.
(43) Cencek, W.; Przybytek, M.; Komasa, J.; Mehl, J. B.; Jeziorski,

B.; Szalewicz, K. Effects of adiabatic, relativistic, and quantum
electrodynamics interactions on the pair potential and thermophysical
properties of helium. J. Chem. Phys. 2012, 136, 224303.
(44) Cencek, W.; Patkowski, K.; Szalewicz, K. Full-configuration-

interaction calculation of three-body nonadditive contribution to
helium interaction potential. J. Chem. Phys. 2009, 131, 064105.

Journal of Chemical & Engineering Data pubs.acs.org/jced Article

https://doi.org/10.1021/acs.jced.3c00083
J. Chem. Eng. Data 2023, 68, 1305−1312

1312

 Recommended by ACS

Phase Equilibrium of Hydrogen Clathrate Hydrates with
Propylene Oxide and 1,2-Epoxycyclopentane
Siyuan Chen, Gang Li, et al.
APRIL 12, 2023
JOURNAL OF CHEMICAL & ENGINEERING DATA READ 

Calculating the Enthalpy of Vaporization of Ethanol, n-
Heptane, Isooctane, and a Binary Mixture of Isooctane + n-
Heptane from Their Vapor Pressure Data
Shawn M. Abernathy, Alan J. Anderson, et al.
MARCH 13, 2023
ACCOUNTS OF CHEMICAL RESEARCH READ 

P-T-x Measurement and Modeling of Methane + Propane +
Methanol or 2,2′-[Ethane-1,2-diylbis(oxy)] Di(ethan-1-ol) and
Methane + Propane + Methanol + 2,2′-[Ethane-1,2-diylbi...
Paul Zvawanda, Kuveneshan Moodley, et al.
MARCH 08, 2023
JOURNAL OF CHEMICAL & ENGINEERING DATA READ 

Investigation of the Solubility of Methane and Ethane in
Hybrid Sweetening Solutions of 2-Aminoethanol and 1-
Methylpyrrolidin-2-one/Water
Mojgan Ebrahiminejadhasanabadi, Paramespri Naidoo, et al.
JUNE 05, 2023
JOURNAL OF CHEMICAL & ENGINEERING DATA READ 

Get More Suggestions >

https://doi.org/10.1021/acs.jced.0c00299?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.0c00299?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jct.2019.03.022
https://doi.org/10.1016/j.jct.2019.03.022
https://doi.org/10.1016/j.jct.2019.03.022
https://doi.org/10.1063/1.3688054
https://doi.org/10.1063/1.3688054
https://doi.org/10.1063/1.3688054
https://doi.org/10.1007/s10765-020-02778-6
https://doi.org/10.1007/s10765-020-02778-6
https://doi.org/10.1007/s10765-020-02778-6
https://doi.org/10.1021/acs.jced.6b00577?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.6b00577?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.8b00938?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.8b00938?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.2400019
https://doi.org/10.1063/1.2400019
https://doi.org/10.1021/acs.jced.6b00720?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.6b00720?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4921478
https://doi.org/10.1063/1.4921478
https://doi.org/10.1063/1.4921478
https://doi.org/10.1016/0001-6160(73)90197-1
https://doi.org/10.1016/0001-6160(73)90197-1
https://doi.org/10.1063/1.1349047
https://doi.org/10.1063/1.1349047
https://doi.org/10.1063/1.1349047
https://doi.org/10.1103/physrevlett.104.183003
https://doi.org/10.1103/physrevlett.104.183003
https://doi.org/10.1063/1.4712218
https://doi.org/10.1063/1.4712218
https://doi.org/10.1063/1.4712218
https://doi.org/10.1063/1.3204319
https://doi.org/10.1063/1.3204319
https://doi.org/10.1063/1.3204319
pubs.acs.org/jced?ref=pdf
https://doi.org/10.1021/acs.jced.3c00083?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acs.jced.2c00701?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00701?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00701?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00701?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00701?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00701?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00701?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00701?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00701?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00701?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00701?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00701?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00701?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00701?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00701?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00701?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00701?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00701?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00701?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00701?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00701?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00701?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00701?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00701?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00701?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00701?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00633?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.2c00776?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
http://pubs.acs.org/doi/10.1021/acs.jced.3c00028?utm_campaign=RRCC_jceaax&utm_source=RRCC&utm_medium=pdf_stamp&originated=1687791786&referrer_DOI=10.1021%2Facs.jced.3c00083
https://preferences.acs.org/ai_alert?follow=1

