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Accurate and Reliable Thermochemistry by Data Analysis of 
Complex Thermochemical Networks using Active Thermochemical 
Tables: The Case of Glycine Thermochemistry
Branko Ruscic *a,b and David H. Bross a

Active Thermochemical Tables (ATcT) were successfully used to resolve the existing inconsistencies related to the 
thermochemistry of glycine, based on statistically analyzing and solving a thermochemical network that includes > 3350 
chemical species interconnected by nearly 35,000 thermochemically-relevant determinations from experiment and high-
level theory. The current ATcT results for the 298.15 K enthalpies of formation are -394.70 ± 0.55 kJ mol-1 for gas phase 
glycine, -528.37 ± 0.20 kJ mol-1 for solid -glycine, -528.05± 0.22 kJ mol-1 for -glycine, -528.64 ± 0.23 kJ mol-1 for -glycine, 
-514.22 ± 0.20 kJ mol-1 for aqueous undissociated glycine, and -470.09 ± 0.20 kJ mol-1 for fully dissociated aqueous glycine 
at infinite dilution. In addition, a new set of thermophysical properties of gas phase glycine was obtained from a fully 
corrected nonrigid rotor anharmonic oscillator (NRRAO) partition function, which includes all conformers. Corresponding 
sets of thermophysical properties of -, -, and -glycine are also presented.

Introduction
Glycine, NH2CH2C(O)OH, is the simplest -amino acid, and the 
only achiral proteinogenic amino acid. As an essential building 
block of peptides, it is clearly critical to life as we know it.1 
Aqueous glycine may also be of relevance to strategies for CO2 
sequestration.2,3 Given its simplicity, glycine is considered to be 
an important pre-biotic molecule, and while its detection in 
interstellar space is currently at most tentative,4-6 it has been 
repeatedly identified in carbonaceous chondrite meteorites.7 
Crystalline glycine is polymorphic, with three known phases 
under ambient conditions: monoclinic , trigonal , and a 
metastable monoclinic .8-10 In all three polymorphs and in 
aqueous solutions glycine assumes the tautomeric zwitterionic 
form, +NH3CH2C(O)O-, stabilized by hydrogen bonding.11-13 As 
shown theoretically early on,14-16 the zwitterion is unstable in 
the gas phase, where glycine assumes the canonical form.

Structure and conformers of glycine in gas phase

Out of the 24 internal degrees of freedom of glycine, three 
correspond to large amplitude motions: OH torsion (internal 
rotation about the C-O bond), NH2 torsion (internal rotation 
about the C-N bond), and CH2NH2 (or C(O)OH) torsion (internal 
rotation about the C-C bond). The number of resulting 
conformers, their structures and their relative ordering have 
been the subject of both experimental17-32 and theoretical33-69 
scrutiny for many decades. While initial ab initio calculations 

tended to produce results that were at variance both with each 
other and with experiments, as theoretical methods improved 
a consensus was gradually reached both on the structure of the 
most stable conformer (variably denoted as Gly1,43 Ip,44 ttt,58,66 
or, using the notation adopted in the present study,70,71 syn-
anti-anti), and on the fact that on the ground state electronic 
surface there are up to 8 different conformers.55,58,65-69 

Existing thermochemistry of glycine

In spite of its potential benchmark role in both experimental 
and theoretical determinations of the thermochemistry of more 
complex amino acids, the enthalpy of formation of glycine does 
not appear to be sufficiently firmly established.  
The critical evaluation of Pedley et al.72 recommends the 298.15 
K gas phase enthalpy of formation ΔfH°298(glycine (g)) = -392.1 ± 
0.6 kJ mol-1, and ΔfH°298(-glycine) = -528.5 ± 0.5 kJ mol-1 for the 
solid, same as in the predecessor evaluation by Cox and 
Pilcher73 (see Table 1). The recommended enthalpy of 
formation of -glycine is based on the combustion calorimetry 
of Huffman et al.,74 and combined with the sublimation 
enthalpy determined by Svec and Clyde75 in order to derive the 
value for the gas phase.
Surprisingly, the extensive TRC Tables76,77 for organic 
compounds do not provide a value for glycine. The venerable 
NBS Tables78 list only the solid: ΔfH°298(-glycine) = -528.1 (± 
0.40)79 kJ mol-1, unchanged from the predecessor NBS Technical 
Note 270.80 A subsequent critical evaluation of the available 
literature values for the condensed phase of glycine performed 
at NIST by Diaz et al.81 selects ΔfH°298(-glycine) = -528.1 ± 0.5 kJ 
mol-1 as the ‘best value’, but provides no gas phase value. 
The NIST Chemistry WebBook82 typically lists all available 
literature values (as opposed to selecting and recommending a 
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particular value), but for gas phase glycine it provides only a 
single value: ΔfH°298(glycine (g)) = -390.5 ± 4.6 kJ mol-1, citing as 
the source Ngauv et al.83 The latter authors derived the gas 
phase value by combining their combustion calorimetry for the 
solid with their calorimetric sublimation enthalpy. The single 
listing for the gas phase enthalpy of formation is in contrast to 
multiple values listed by the WebBook for the enthalpy of 
formation of condensed phase glycine: besides providing 
ΔfH°298(-glycine) = -528.61 ± 0.34 kJ mol-1 from Ngauv et al.,83 
it also lists the more recent calorimetric determination of -527.5 
± 0.5 kJ mol-1 by Vasil’ev et al.,84 as well as two older values: 
-528.52 ± 0.42 kJ mol-1 measured by Huffman et al.,74 and -537.2 
kJ mol-1 derived by Hutchens et al.85 from the calorimetric 
determination of Tsuzuki et al.86 A separate list of literature 
values for combustion enthalpies of -glycine maintained by 
the WebBook, provides - in addition to the four just discussed 
determinations - the combustion enthalpies obtained by Emery 
and Benedict,87 Wrede,88 Fischer and Wrede,89 and Lemoult.90 
If taken exactly as listed by the WebBook, the latter four 
combustion enthalpies would result in ΔfH°298(-glycine) of -
525.12, -523.1 ± 0.1, -523.0, and -523.61 kJ mol-1, respectively. 

Table 1. Experimentally based literature values for the enthalpy 
of formation of gas phase glycine and condensed phase -
glycine (all in kJ mol-1)a

ΔfH°298(glycine (g))
-390.5 ± 4.6 Ngauv et al.83 1977, NIST WebBook82 2024
-392.1 ± 0.6 Pedley et al.72 1986, Cox and Pilcher73 1970
-393.7 ± 1.5 Dorofeeva and Ryzhova138 2009

ΔfH°298(-glycine)
-528.61 ± 0.34 Ngauv et al.83 1977, NIST WebBook82 2024

-528.1 ± 0.5 Diaz et al.81 1992
-527.5 ± 0.5 Vasil’ev et al.84 1991
-528.5 ± 0.5 Pedley et al.72 1986, Cox and Pilcher73 1970

-528.10 (± 0.40) NBS Tables78 1982, NBS TN 27080 1968
-537.2 (± 1.0) Hutchens et al.85 1963, Tsuzuki et al.86 1958
-528.52 ± 0.42 Huffman et al.74 1937

-525.12 Emery and Benedict87 1911
-523.1 ± 0.1 Wrede88 1911

-523.0 Fischer and Wrede89 1904
-523.61 Lemoult90 1904

a Values from critical evaluations are in italics

There are several even older determinations (dating from the 
1890’s), such as those of Berthelot91 and Stohmann,92,93 that 
are not listed by the WebBook. Indeed, these are at best only of 
historical significance because of their rather limited accuracies, 
ill-specified conditions, and poorly defined thermal units.94

Prima facie, the four enthalpies of formation of -glycine found 
in secondary tabulations (NBS Tables,78 Pedley et al.,72 NIST 
WebBook,82 Diaz et al.81) appear to cover a reasonably 
contained range of -(528.1 - 528.6) kJ mol-1, albeit a closer 
scrutiny reveals that the value listed in the NIST WebBook82 and 
that given by the NIST evaluation of Dias et al.81 are technically 
not entirely consistent since they are just outside each other’s 
uncertainty.95,96 However, if one includes the values reported 
directly from calorimetry, the range broadens significantly to 

-(523 - 537) kJ mol-1. Even if one excludes the four pre-1930’s 
determinations (under the argument that they predate the full 
development of modern high-accuracy calorimetry94), the 
range of values for the enthalpy of formation of -glycine still 
remains remarkably broad: -(527.5 - 537.2) kJ mol-1.
In spite of occasional examples to the contrary,97,98 the path of 
combining the enthalpy of formation of the condensed phase 
from combustion calorimetry with a corrected99-101 
vaporization (or sublimation) enthalpy typically produces 
consistent and reliable experimental results for the gas phase. 
However, the scatter in the experimental calorimetric values for 
solid glycine will clearly translate to the derived values for gas 
phase glycine. The reason for the scatter is unclear, given that 
high-quality combustion calorimetric determinations normally 
tend to produce mutually consistent results. 
Furthermore, it appears that the determinations of the 
sublimation enthalpy of glycine are additionally amplifying the 
above problem. For example, the gas phase enthalpies of 
formation provided by Pedley et al.72 and the WebBook82 (see 
Table 1) differ from each other by 1.6 kJ mol-1, although the 
selected values for -glycine differ only by 0.1 kJ mol-1, simply 
because Pedley et al.72 and Ngauv et al.83 use rather different 
sublimation enthalpies. Indeed, as opposed to the sublimation 
enthalpy of Ngauv et al.,83 ΔsubH°298(-glycine) = 138.1 ± 4.6 kJ 
mol-1, Pedley et al.72 use ΔsubH°298(-glycine) = 136.4 ± 0.4 kJ 
mol-1 citing Svec and Clyde75 as the source. 
Part of the problem is caused by the low saturation pressure of 
-glycine at room temperature, forcing the determination of its 
sublimation enthalpies at temperatures higher than 400 K. 
Indeed, Ngauv et al.83 determined the sublimation enthalpy 
from calorimetric measurements in the 413 - 450 K range, 
averaging 131.4 kJ mol-1 at 432.4 K. Svec and Clyde75 obtained 
136.0 ± 0.4 kJ mol-1 at 455 K from Knudsen effusion 
measurements, and 136.4 ± 4.0 kJ mol-1 at 465 K from vapor 
pressure determinations. The other sublimation enthalpy 
determinations from the literature are 131 ± 2 kJ mol-1 obtained 
at 414 K by Takagi et al.102  and 137 ± 2 kJ mol-1 at 419 K by de 
Kruif et al.103 All of these require extrapolation to room 
temperature, which is not necessarily straightforward, as 
witnessed by the fact that beside the sublimation enthalpy 
extrapolated from the data of Svec and Clyde,75 Pedley et al.72 
also considered (and ultimately rejected) a suspiciously high 
ΔsubH°298(-glycine) = 153.2 ± 4.2 kJ mol-1, which they 
extrapolated from the data of Ngauv et al.83,104 
A reliable conversion of sublimation or vaporization enthalpies 
to room temperature requires reasonably accurate 
thermophysical properties both for the gas phase and the 
condensed phase, the latter depending directly on 
experimental determinations. The gas phase thermophysical 
properties can be obtained from statistical mechanics, but in 
case of glycine they should include all conformers and ideally be 
based on fully-corrected NRRAO (nonrigid rotor anharmonic 
oscillator) partition functions.94,97,105 
With our partition functions (vide infra), the sublimation 
enthalpies discussed above produce 298.15 K values in the 
(131.4 - 137.5) kJ mol-1 range. When combined with the range 
of -(527.5 - 537.2) kJ mol-1 for the enthalpies of formation of 
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solid glycine, this produces inferred 298.15 K gas phase 
experimental enthalpies of formation differing by as much as 16 
kJ mol-1, ranging from -390.0 to -405.8 kJ mol-1. 
At least in principle, theoretical studies could help resolve the 
above difficulty. However, as opposed to abundant theoretical 
studies of the relative energies of the conformers of glycine, 
there seems to be a marked paucity of theoretical 
determinations of its gas phase enthalpy of formation. Clearly, 
one should not expect to encounter theoretical treatments of 
glycine using top-level state-of-the art electronic structure 
methods that are capable of sub-kJ mol-1 accuracies, such as 
HEAT,107-111 W4,112-114 FP,115-120 FPD,121-127 or ANL-1,128 given 
that the size of this molecule tends to exceed the currently 
available computational capabilities. However, glycine should 
be fully tractable with standard mid-level composite methods, 
such as, for example, CBS-QB3,129,130 CBS-APNO,131 G3X,132 
G4,133 and W1,134,135 making the dearth of related literature 
studies somewhat surprising. While mid-level electronic 
structure methods are significantly less computationally 
demanding, they are also significantly less accurate.95,136 
Indeed, in conjunction with initiating the relevant expansion of 
the Active Thermochemical Tables (ATcT) Thermochemical 
Network (vide infra), we routinely carry out our own in-house 
mid-level computations. Those suggest137 the following values 
for ΔfH°298(glycine (g)): -396.0 (CBS-QB3), -397.3 (CBS-APNO), 
-395.1 (G3X), -392.1 (G4), and -399.2 kJ mol-1 (W1).
In the existing literature, there are at most five theoretical 
studies that are of relevance to the current discussion: two by 
Dorofeeva and Ryzhova,138,139 and one each by Bouchoux et 
al.,140 Stover et al.,141 and Karton et al.142  
The first study of Dorofeeva and Ryzhova138 has produced 
ΔfH°298(glycine (g)) = -394.9 kJ mol-1 from G3X composite 
calculations and three isodesmic reactions at the B3LYP/6-
311+G(3df,2p)//B3LYP/6-31G(d,p)143,144 level of theory.
Incentivized by their theoretical result, these authors also 
proposed a revised experimental value of ΔfH°298(glycine (g)) = 
-393.7 ± 1.5 kJ mol-1, which they obtained by combining the 
“best value” for ΔfH°298(-glycine) from Diaz et al.81 with 
ΔsubH°298(-glycine) = 134.4 ± 1.5 kJ mol-1. The latter sublimation 
enthalpy was derived by Dorofeeva and Ryzhova by converting 
to room temperature the 432 K value of 133.7 kJ mol-1, obtained 
in turn as an average of determinations by Svec and Clyde,75 
Ngauv et al.,83 Takagi et al.,102 and de Kruif et al.103 
Bouchoux et al.140 reported ΔfH°298(glycine (g)) = -391.6 kJ mol-1 
from G3(MP2)B3 computations, and Stover et al.141 reported -
384.5 kJ mol-1 (total atomization energy route) and -387.4 kJ 
mol-1 (isodesmic route) for the same quantity using G3(MP2) 
computations. In a second study, while retaining the 
recommended revision of the experimental value discussed 
above, Dorofeeva and Ryzhova139 reported ΔfH°298(glycine (g)) = 
-401.4 kJ mol-1 using the W1U composite method.
Karton et al.,142 on the other hand, reported the most 
demanding theoretical calculations of the enthalpy of formation 
of gas phase glycine published so far. They obtained 
ΔfH°298(glycine (g)) = -393.6   kJ mol-1 at the W2.2134,135 level of 
theory, as well as -394.2 and -393.7 kJ mol-1 at the W1-F12 and 
W2-F12145 levels of theory. They also provided ΔfH°298(glycine 

(g)) = -393.2 kJ mol-1 at what they term as a ‘quasi-W4’ level of 
theory, which assumed that higher-order corrections that 
would necessitate extremely demanding CCSDT(Q)/cc-pVTZ and 
CCSDTQ/cc-pVDZ computations, essentially cancel out over the 
isodesmic reaction
NH2CH2C(O)OH + CH4  CH3C(O)OH + CH3NH2 (R1)
The central aim of the present contribution is to obtain the best 
currently possible thermochemistry for glycine using the Active 
Thermochemical Tables approach, which employs advanced 
data analyses and has the ability to arbitrate between 
inconsistent determinations, such as those discussed earlier in 
this section.

Methods
Active Thermochemical Tables

Active Thermochemical Tables (ATcT) have been described in 
detail elsewhere.146-149 Tersely, instead of the sequential 
approach to developing thermochemistry (A begets B, B begets 
C) that was historically used to generate virtually all traditional 
tabulations of enthalpies of formation, the ATcT approach is 
based on a distinctly different paradigm that enables the 
derivation of accurate and reliable thermodynamic properties 
for a broad range of chemical species. The ATcT approach 
involves constructing, statistically analysing, and solving an 
extensive Thermochemical Network (TN). 
The construction of the TN utilizes the full breadth of available 
thermochemical interdependencies between the targeted 
chemical species, such as reaction enthalpies or free energies, 
adiabatic ionization energies and electron affinities, dissociative 
ionization onsets, etc., both from experiments and high-level 
theory. It should be remarked here that the TN generally does 
not include theoretical or experimental enthalpies of formation 
per se, since these are normally dependent on other auxiliary 
thermochemistry that was used in their derivation (such as 
enthalpies of formation of other species needed to derive the 
target enthalpy of formation from some computed or 
experimentally determined reaction enthalpy). The 
determinations included in the TN effectively represent a set of 
qualified150 constraints that must be simultaneously satisfied by 
the resulting enthalpies of formation. 
Before ATcT finds a simultaneous solution for all included 
chemical species, it conducts a statistical analysis of the TN. The 
aim of the latter is to identify potential outliers, i.e. 
determinations that within their initially assigned (a.k.a. prior) 
uncertainties are inconsistent with the prevailing epistemic 
content of the TN. If left intact, such determinations would 
unduly skew the final solution. The inconsistencies introduced 
by the outliers are resolved by the iterative ‘worst offender’146 
procedure that generates a ranked list of ‘offending’ 
determinations and gradually increases their uncertainties, 
intrinsically lowering their weight in the final set of optimized 
enthalpies of formation. The ATcT statistical analysis of each 
determination is informed by the cumulative knowledge 
content created by the remaining determinations in the TN, and 
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is thus effectively capable of successfully arbitrating between 
inconsistent determinations. 
Once all the inconsistencies in the TN are resolved, ATcT solves 
it for simultaneously for all included species. The end result of 
the ATcT approach is the extraction of the best possible 
thermochemistry based on the existing content of the TN, 
characterized by significantly distributed provenances that 
reflect the optimal use of all currently available knowledge. 
ATcT have been recently promoted to the status of U.S. DOE 
Office of Science Public Reusable (DOE SC PuRe) Data 
Resource.151-153 The ATcT website, ATcT.anl.gov, presently 
attracts a million pageviews each month.154 The most recent 
publicly available version of ATcT155 results as of 2023 (ver. 
1.130) provides enthalpies of formation for more than 3000 
thermochemically distinct chemical species, and has been 
generated to accommodate the needs of a recent study of the 
ring-opening dynamics of the cyclopropyl radical and its 
cation.156 Since then, the ATcT TN has been further expanded as 
a function of various interim research projects.157-160 
The thermochemical results reported in the present study 
originate from ver. 1.202 of the ATcT TN, which was additionally 
expanded to include glycine thermochemistry, and contains 
more than 3350 chemical species, interlinked by nearly 35,000 
determinations included in the TN. This version of the results 
will be shortly publicly available on the ATcT website.161

NRRAO thermophysical properties

Besides the TN, another important information used by ATcT 
are the thermophysical properties for each species. For gas 
phase glycine, these were obtained from NRRAO partition 
functions. Constructing a NRRAO partition function requires 
two (or more) steps. It involves the initial construction of a 
standard rigid rotor harmonic oscillator (RRHO) partition 
function using vibrational fundamentals and ground state 
rotational constants (rather than harmonic frequencies and 
equilibrium rotational constants),94 followed by a computation 
of additional corrections arising from vibrational anharmonicity, 
rotation-vibration interaction, and centrifugal distortion, using 
appropriate higher order spectroscopic constants and 
expressions given in detail elsewhere.94,162 
For the most stable conformer (syn-anti-anti) of glycine, the 
necessary rotational constants and fundamentals were 
obtained from experimental measurements,21,23,25,26,28,32,163 
while the missing higher order constants for the lowest 
conformer, as well as nearly all needed constants for the other 
conformers were obtained from computations using 2nd order 
vibrational perturbation theory (VPT2)164,165 at the B3LYP/aug-
cc-pVTZ level of theory. In addition, for all conformers the 
contributions for the three internal rotations were obtained by 
direct counts over the solutions of the appropriate 1D 
potentials. The potentials were constructed from relaxed 1D 
and 2D scans of the appropriate torsional dihedral angles at the 
B3LYP/aug-cc-pVTZ level of theory and solved using the 
‘universal’ DVR (discrete variable representation) approach of 
Colbert and Miller.166

Electronic structure computations

The Gaussian suite of programs167 was used for all electronic 
structure computations. These included mapping out the 
conformational space of glycine, performing related geometry 
optimizations, followed by relaxed 1D and 2D scans of the OH, 
NH2, and CH2NH2 torsions for each conformer, and VPT2 
computations at the B3LYP/6-31G(2df,p) and B3LYP/aug-cc-
pVTZ levels of theory,143,144,168 as well as performing routine 
CBS-QB3,129,130 CBS-APNO,131 G3X,132 G4,133 and W1134,135 
composite computations.

Results and discussion
In a typical situation, the addition of a new gas phase species to 
the ATcT TN is preceded by computing its partition function at 
a range of temperatures, Q°T, and obtaining the corresponding 
thermophysical properties, such as isobaric heat capacities, 
C°p,T, entropy, S°T, enthalpy increment, [H°T - H°0], and reduced 
Gibbs energy, Rln(Q°T), as well as carrying out a set of 
exploratory mid-level composite electronic structure 
calculations (currently the standard set includes CBS-QB3, G3X, 
G4, CBS-APNO, and W1). These allow us to induct the target 
species to ATcT and start building the initial scaffolding that will 
connect the target gas phase species to the rest of the TN. The 
TN is subsequently augmented by relevant experimental and 
theoretical determinations from the literature, each of which is 
critically examined and – when necessary – reinterpreted. 
With respect to mapping out the set of possible conformers of 
glycine, of note here is that their number appears somewhat 
dependent on the electronic structure method that is 
employed. For example, the popular DFT functional, B3LYP, 
with the 6-31G(2df,p) basis set (the model chemistry for the 
initial geometry optimization in G4 as well as G3X composite 
methods) and with the cc-pVTZ+d basis set (idem in the W1 
composite method), results only in 7 glycine conformers that 
exist as true minima. Namely, in both model chemistries the 
highest energy conformer, anti-perp-anti, corresponds to an 
inflection on the potential energy surface, rather than an actual 
minimum, as can be promptly verified in corresponding relaxed 
1D scans of the NH2 torsional motion. However, at the 
B3LYP/aug-cc-pVTZ level of theory, all 8 different conformers 
can be located as minima on the potential energy surface. 
Consequently, for the sake of consistency across conformers, 
VPT2 computations at the B3LYP/aug-cc-pVTZ level of theory 
were uniformly employed for all conformers in order to obtain 
the vibrational fundamentals not available from experiments 
and other higher order spectroscopic constants (anharmonic 
constants, vibration-rotation interaction constants, centrifugal 
distortion constants) needed for the NRRAO partition functions.

Thermophysical properties of solid glycine

The ATcT thermophysical properties of solid glycine rely entirely 
on reported experimental calorimetric measurements of the 
heat capacities of its -, -, and -phase at extended 
temperature ranges, including measurements at very low 
temperatures. 
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The current ATcT partition function for -glycine is based on the 
study of Rowland,169 who critically analysed the determinations 
of the heat capacities  of Parks et al.,170 Hutchens et al.,171 and 
Drebushchak et al.,172 and least-squares fitted the data 
obtained in the latter two studies to cubic splines, following the 
functional form of Archer.173 The fit of Rowland was used to 
generate a table of heat capacities, C°p,T, at 5 K increments, 
which were then integrated to obtain the entropies, S°T,  and 
enthalpy increments, [H°T - H°0] (see Table 2). 

Table 2. Thermophysical properties of crystal -glycine at 
several temperatures of interest: isobaric heat capacity, C°p,T, 
entropy, S°T, and enthalpy increment, [H°T - H°0].a

T
K

C°p,T

J K-1 mol-1
S°T

J K-1 mol-1
[H°T - H°0]
kJ mol-1

0 0.000 0.000 0.000
50 19.266 8.939 0.318

100 43.308 30.415 1.937
150 58.945 51.053 4.508
200 72.232 69.862 7.793
250 85.633 87.399 11.735

273.15 92.114 95.265 13.793
298.15 99.125 103.634 16.183

300 99.640 104.249 16.367
350 112.801 120.620 21.685
400 124.256 136.448 27.618
450 134.261 151.674 34.087
500 143.052 166.284 41.024

a The values up to and including 300 K are identical to those 
evaluated and fitted by Rowland.169 The values beyond 300 K 
(denoted in italics) are obtained by extrapolation (see text). 

Thermophysical properties of -glycine in the 410-460 K range 
are needed in order to be able to convert to room temperature 
the experimental sublimation enthalpies discussed earlier. The 
last cubic spline knot in the fit of Rowland169 is at 310 K and 
assumes a natural spline behavior toward higher temperatures. 
The behavior of heat capacity, when extrapolated to higher 
temperatures, is close to linear, with a very gentle downward 
curvature. Several other possible extrapolations beyond 310 K, 
including a simple linear extrapolation, were also explored, and 
their effect on the conversion of experimental sublimation 
enthalpies was tested, leading to the conclusion that 
differences in conversion of sublimation enthalpies to 298.15 K 
due to different extrapolation approaches are practically 
negligible in view of the associated uncertainties. 
The values for C°p,298, S°298, and [H°298 - H°0] adopted here (see 
Table 2) are rather similar to those adopted in the NBS Tables 
(99.20 J K-1 mol-1, 103.51 J K-1 mol-1, and 16.180 kJ mol-1, 
respectively).
For completeness, ATcT also includes - and -glycine. The ATcT 
partition functions for these two polymorphs are based on 
differences between the heat capacities of - and -glycine and 
of - and -glycine measured by Drebushchak et al.172,174 These 
differences were added to the currently adopted heat 
capacities of -glycine to derive the heat capacities of - and -

glycine (see Tables 3 and 4), and integrated to obtain the 
corresponding values for the entropies and enthalpy 
increments.

Table 3. Thermophysical properties of crystal -glycine at 
several temperatures of interest: isobaric heat capacity, C°p,T, 
entropy, S°T, and enthalpy increment, [H°T - H°0].

T
K

C°p,T

J K-1 mol-1
S°T

J K-1 mol-1
[H°T - H°0]
kJ mol-1

0 0.000 0.000 0.000
50 19.382 9.062 0.321

100 43.510 30.625 1.947
150 59.223 51.361 4.530
200 72.647 70.275 7.834
250 86.801 87.989 11.816

273.15 92.068 95.907 13.887
298.15 98.591 104.266 16.275

300 99.206 104.879 16.458
350 112.118 121.140 21.740
400 124.997 136.951 27.668
450 137.893 152.418 34.240
500 150.788 167.613 41.457

Table 4. Thermophysical properties of crystal -glycine at 
several temperatures of interest: isobaric heat capacity, C°p,T, 
entropy, S°T, and enthalpy increment, [H°T - H°0].

T
K

C°p,T

J K-1 mol-1
S°T

J K-1 mol-1
[H°T - H°0]
kJ mol-1

0 0.000 0.000 0.000
50 19.826 9.412 0.333

100 43.295 31.107 1.966
150 58.390 51.637 4.523
200 71.216 70.228 7.770
250 83.857 87.461 11.643

273.15 89.880 95.151 13.654
298.15 95.894 103.287 15.978

300 96.327 103.882 16.155
350 108.907 119.674 21.286
400 121.493 135.039 27.046
450 134.076 150.075 33.435
500 146.659 164.853 40.454

Thermophysical properties of glycine (g)

The NRRAO thermophysical properties for the gas phase species 
denoted here as glycine (g) assume full thermal equilibration 
over all possible conformers. The resulting values for the 
isobaric heat capacity, C°p,T, entropy, S°T, and enthalpy 
increment, [H°T - H°0] are given at several temperatures of 
interest in Table 5. 
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Table 5. NRRAO thermophysical properties of gas phase glycine 

(g), fully thermally equilibrated over all conformers at several 
temperatures of interest: isobaric heat capacity, C°p,T, entropy, 
S°T, and enthalpy increment, [H°T - H°0].

T
K

C°p,T

J K-1 mol-1
S°T

J K-1 mol-1
[H°T - H°0]
kJ mol-1

0 0.000 0.000 0.000
50 40.547 213.951 1.808

100 51.75 245.263 4.099
150 64.952 268.734 7.015
200 77.466 289.163 10.581
250 88.736 307.681 14.741

273.15 93.606 315.754 16.852
298.15 98.677 324.171 19.256

300 99.046 324.783 19.438
350 108.774 340.786 24.636
400 118.371 355.936 30.314
450 128.548 370.455 36.482
500 140.506 384.595 43.198

Conformers of gas phase glycine

In addition to fully equilibrated gas phase glycine, glycine (g), 
vide supra, ATcT also treats each possible conformer of glycine 
as a separate chemical species using the split-species 
approach.94,105,175 The split-species approach ensures that the 
thermophysical properties of fully equilibrated glycine (g) 
correspond at each temperature to a correctly weighted sum 
over the individual conformers, with weights reflecting their 
relative equilibrium concentrations.
As mentioned earlier, the corresponding NRRAO partition 
functions utilize the spectroscopic constants appropriate for 
each conformer, with the exception of the three internal rotors, 
the contributions of which are computed by direct count of 
torsional levels that were obtained by solving the appropriate 
hindered rotor potential. 
However, each of these torsional potentials (and the resulting 
torsional levels) belongs to at least two conformers, and thus a 
straightforward full state count for each individual conformer 
would overestimate the contributions of torsional modes. The 
standard solution used in ATcT for cases where there is more 
than one conformer (or isomer) on the same potential energy 
surface is to compute the appropriate fractional weights for 
each torsional mode. Thus, in computing the contributions to 
the partition function of individual conformers of glycine, the 
fractional weight176 of each torsional level was obtained by 
integrating the square of each vibrational wavefunction (also 
obtained via DVR166) over the relevant potential well, where 
apexes of the appropriate transition states between conformers 
were used to define the integration limits along the 
corresponding torsional mode. 
Figure 1 depicts the shapes of the 8 conformers and their 
energies (in cm-1, relative to the most stable conformer). The 
listed energies are obtained by ATcT by considering all relative 
energy entries in the TN, which consist of results obtained from 
the mid-level computations (vide supra), together with relevant 

experimental and theoretical values from the 
literature.13,21,24-27,29,30,44,46,48,51,55,58,59,61,63,67-69 Given that even 
unexpensive density functional computations produce very 
reasonable differences in conformational electronic energies,65 
uncertainties in (anharmonic) zero-point energies (and, in 
particular, in contributions of torsional modes) are bound to 
significantly contribute to the overall uncertainties.177 
On the ground electronic state of gas phase glycine there are 
altogether 12 minima corresponding to 8 conformers. Each of 
the four Cs conformers (syn-anti-anti, syn-anti-syn, anti-anti-
anti, and anti-anti-syn) corresponds to a distinct minimum, 
while each of the C1 conformers (anti-syn-syn, syn-perp-anti, 
syn-perp-syn, and anti-perp-anti) possesses two enantiomeric 
minima. In the latter group, the primary distortion toward C1 
symmetry originates from the gauche torsional position of the 
NH2 group, with the rest of the molecule relaxing slightly 
because of the loss of the plane of reflection, but otherwise 
staying relatively close to a symmetric arrangement.

Figure 1. The conformers of gas phase glycine, depicted in their 
inertial (Wigner) frames: axis a is the abscissa, b is the ordinate, 
and c is perpendicular to the plane of the figure. The current 
nomenclature for the conformers is explained in ref. 70, while, 
for reference purposes, the nomenclature used in ref. 44 is 
given in parentheses. The relative energies and their 
uncertainties are from ATcT.

Here we would like to briefly discuss some of the peculiarities 
of topological relations of select conformers of glycine, 
particularly those of C1 symmetry. For ease of illustrating the 
points raised in the discussion, unless explicitly noted 
differently, we will refer to energy differences obtained from 
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B3LYP/aug-cc-pVTZ relaxed torsional scans, the accuracy of 
which is admittedly limited and should be understood primarily 
as a qualitative indicator.

Figure 2. The 1D potential energy of the NH2 torsion of the anti-
syn-syn conformer. Lower panel: overall view, including the 
torsional wavefunctions and the higher anti-anti-syn 
conformer. Upper panel: a detailed view of the bottom of the 
potential well with the two enantiomeric equilibrium structures 
of the anti-syn-syn conformer separated by a small barrier that 
is well below the ground state level; the ground state torsional 
function (blue trace) is almost identical to a Gaussian wave 
packet of Cs symmetry (red dotted line).

The equilibrium geometry of the second conformer, anti-syn-
syn, both at the B3LYP/aug-cc-pVTZ and B3LYP/6-31G(2df,p) 
level of theory, displays a very slightly gauche NH2 group. 

However, the barrier separating the two resulting enantiomeric 
minima is not only quite low (of the order of just a few cm-1), 
but also significantly lower than the energy of the ground state 
level of this conformer (by about 70 cm-1 on the B3LYP/aug-cc- 

pVTZ 1D potential for the NH2 torsion, see Figure 2). 
Consequently, the two enantiomeric structures of anti-syn-syn 
are experimentally undistinguishable, and the effective 
geometry of this conformer is Cs even in the ground state, in full 
accord with the conclusions from the advanced Focal Point 
study of Kasalova et al.178

Figure 3. The 1D potential energy of the NH2 torsion of the syn-
anti-anti conformer, which leads to two higher (enantiomeric) 
shallow minima of the syn-perp-anti conformer. The lowest 
torsional level associated with the syn-perp-anti conformer is 
appreciably above the small barrier separating this conformer 
from the deep syn-anti-anti well, and the corresponding 
torsional wavefunction is delocalized over all three minima.

In the third conformer, syn-perp-anti, the two enantiomeric 
minima are mutually separated by a rather high barrier (~1250 
cm-1), but each of these minima is separated from the much 
deeper well of the most stable conformer, syn-anti-anti, by a 
rather low barrier (< 20 cm-1, see Figure 3). Furthermore, the 
lowest torsional level that can be rightfully associated with the 
syn-perp-anti conformer (and thus designated as its ground 
state level) is above the latter barrier (by ~25 cm-1). 
Consequently, even in its ground state, this conformer exists in 
the syn-perp-anti conformation no more than 35% of the time, 
spending 65% of the time above the deeper syn-anti-anti well, 
as suggested by the integrated amplitudes of the corresponding 
wavefunction. The proportion of time spent in the syn-perp-anti 
conformation changes with each subsequent torsional level, 
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and, for example, increases to 69%, 59%, 45%, and 55%, for the 
next four torsional levels, eventually hovering at ~60% at 
sufficiently high energies. 

Figure 4. The 1D potential energy of the NH2 torsion depicting 
the two enantiomeric syn-perp-syn minima and the deeper syn-
anti-syn minimum. 

In the fifth conformer, syn-perp-syn, the NH2 torsion connects 
the ground states of each of its two enantiomers with the more 
stable syn-anti-syn conformer through barriers (~280 cm-1) that 
are lower than the barrier (~550 cm-1) separating the two 
enantiomers of syn-perp-syn (see Figure 4). The lowest pair of 
torsional levels associated with the syn-perp-syn conformer is 
essentially entirely located in that well and is inversion-split (< 
0.1 cm-1), while the next torsional level is essentially located in 
the well of the more stable syn-anti-syn conformer. The next 
two torsional levels belong primarily to the syn-perp-syn 
conformer, but already appear to tunnel slightly into the syn-
anti-syn well (18% and 3%, respectively), and the following 
torsional level even more pronouncedly so (only 24% of the 
time located in the syn-perp-syn enantiomeric wells). While the 
next torsional level is already above the barrier separating the 
two conformers, it is still more than half of the time (56%) 
located in the enantiomeric syn-perp-syn wells, as are 
subsequent torsional levels (82%, 62%, 62%, 79%, 65%, etc.). 
The NH2 torsion of the highest conformer, anti-perp-anti, 
connects each of its two enantiomers with the anti-anti-anti 
conformer via an extremely small barrier (< 5cm-1), while the 
two enantiomeric wells are separated by a more substantial 
barrier (~1280 cm-1, see Figure 5). The lowest torsional level 
that can be associated with the anti-perp-anti conformer is, in 

fact, above the barrier separating anti-perp-anti from anti-anti-
anti (by ~35 cm-1), leading to a situation not dissimilar to that 
described earlier for the ground state of the syn-perp-anti 
conformer: even in its ground state the anti-perp-anti 
conformer spends only 32% of the time above its enantiomeric 
wells. Surprisingly, in subsequent torsional levels this increases 
(59%, 54%, 45%, 48%, 56%, etc.), eventually achieving a more 
consistent ~60% level at higher energy.

Figure 5. The 1D potential energy of the NH2 torsion depicting 
the two very shallow minima of the enantiomeric anti-perp-anti 
minima and the deeper anti-anti-anti minimum. 

ATcT thermochemistry of glycine

Table 6 provides the current ATcT enthalpies of formation of 
glycine in various phases of interest at 298.15 K and – when 
applicable – at 0 K. 

Table 6. Current ATcT enthalpies of formation of glycine in 
various phases, based on TN ver. 1.202 (all in kJ mol-1)

Species 0 K 298.15 K uncert.
glycine (g) -377.67 -394.70 ± 0.55
glycine (cr, ) -508.27 -528.37 ± 0.20
glycine (cr, ) -508.04 -528.05 ± 0.22
glycine (cr, ) -508.34 -528.64 ± 0.23
glycine (aq, undiss.)  -514.22 ± 0.20
glycine (aq)  -470.09 ± 0.20

For the condensed phase of glycine, the ATcT TN contains all 
post-1930 experimentally determined combustion enthalpies 
discussed in the Introduction. The resulting ATcT enthalpy of 
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formation of the primary () polymorph of condensed phase 
glycine is ΔfH°298(-glycine) = -528.37 ± 0.20 kJ mol-1. 
Comparing to values listed in Table 1, it is evident that the 
enthalpy of formation determined by Huffman et al.74 (-528.52 
± 0.42 kJ mol-1), which is the basis for the value recommended 
by Cox and Pilcher73 and Pedley et al.72 (-528.5 ± 0.5 kJ mol-1), 
and the value determined by Ngauv et al.83 (-528.61 ± 0.34 kJ 
mol-1) are both rather close to the current (and more accurate) 
ATcT value. Within their uncertainties, the recommendations 
given by Diaz et al.81 (-528.1 ± 0.5 kJ mol-1), and by the NBS 
Tables78 (-528.10 ± 0.40 kJ mol-1) are also entirely compatible. 
With the uncertainty originally assigned by the authors, the 
more recent value of Vasil’ev et al.84 (-527.5 ± 0.5 kJ mol-1) is 
only marginally compatible, since there is technically a modest 
gap in the overlap within combined uncertainties. However, 
with a revised uncertainty of ± 1 kJ mol-1 (assigned as a more 
realistic prior to the corresponding combustion calorimetry 
entry in the TN, vide infra), the determination of Vasil’ev et al. 
becomes entirely congruent with the current ATcT result.
Not entirely unexpectedly, the current ATcT enthalpy of 
formation for -glycine rules out the higher (less negative) pre-
1930’s values of Emery and Benedict87 (-525.12 kJ mol-1), 
Wrede88 (-523.1 kJ mol-1), Fischer and Wrede89 (-523.0), and 
Lemoult90 (-523.61 kJ mol-1).
When compared to the current ATcT value, the largest outlier in 
Table 1 seems to be the significantly more negative value 
inferred by Hutchens et al.85 (-537.2 kJ/mol) from the 
calorimetry of Tsuzuki et al.86 In rechecking the genesis of that 
value, one finds that Tsuzuki et al. indeed reported a heat of 
combustion value for glycine of -966.1 ± 0.9 kJ mol-1 (-230.9 ± 
0.2 kcal mol-1) at constant volume (necessitating an additional 
small correction of 0.6 kJ mol-1 to constant pressure)179, which 
appears to be significantly less exothermic than any other 
experimental combustion enthalpy of -glycine included in the 
TN, and is consequently in substantial disagreement with the 
current ATcT result ΔcombustH°298(-glycine) = -973.08 ± 0.19 kJ 
mol-1.
With very few exceptions, the provenances of ATcT enthalpies 
of formation are distributed over a number of determinations 
extant in the TN, and can be extracted by performing a variance 
decomposition analysis.180 It is useful to point out here that a 
distributed provenance imparts an enhanced degree of 
reliability to the corresponding ATcT result, since it signifies that 
the ATcT value does not uniquely depend on any particular 
determination. The latter aspect of the ATcT provenances is in 
significant contrast to provenances of sequentially-developed 
thermochemical values, which typically critically depend on a 
single determination that was selected as being ‘the best’ by the 
evaluator and used for the derivation of the enthalpy of 
formation of the target species.
As one might have already guessed by simply comparing the 
current ATcT enthalpy of formation of -glycine with the 
historical values given in Table 1, the internal statistical analysis 
of ATcT favors the combustion calorimetry of Ngauv et al.83 and 
Huffman et al.74 once all of the glycine-related thermochemical 
determinations that are included in the TN (including 
theoretical, vide infra) are considered in earnest. Indeed, the 

provenance analysis indicates that the primary contributors to 
the ATcT value of the enthalpy of formation of -glycine are the 
calorimetric determination of Ngauv et al.83 (67%) and of 
Huffman et al.74 (18%), with a small contribution (3%) from the 
determination by Vasil’ev et al.84 (noting again that the 
uncertainty of the latter combustion enthalpy was reevaluated 
prior to entry in the ATcT TN to ± 1.0 kJ mol-1,  double the 
authors’ original estimate of ± 0.5 kJ mol-1).
For the sake of completeness, the ATcT includes - and -
glycine. Their enthalpies of formation, also given in Table 6, 
essentially rely internally on the current ATcT value for -
glycine, combined with the relevant entries in the ATcT TN 
defining the enthalpic differences between the three 
polymorphs, as reported by Perlovich et al.9 and Drebushchak 
et al.172 from differences in dissolution enthalpies.
In a similar vein, Table 6 also lists the 298.15 K enthalpies of 
formation of two thermodynamically-definable forms of 
aqueous glycine. The glycine (aq, undiss.) species refers to a 
hypothetical glycine that is dissolved in water, but not yet 
dissociated, while glycine (aq) refers to fully dissociated aqueous 
glycine at infinite dilution. Parenthetically, the enthalpy of 
formation of glycine (aq) is identical to the enthalpy of formation 
of the glycinate NH2CH2C(O)O- (aq) anion, since by 
thermochemical convention the aqueous counterion H+ (aq) has 
zero enthalpy of formation.94,181 
The thermochemical relationship between -glycine and 
aqueous undissociated glycine (aq, undiss.) is in the TN defined via 
free energies and enthalpies of solution,182 from a large number 
of experimental determinations.169,183-192 Of these, the critical 
evaluation of Rowland,169 and the experimental determinations 
of Miller and Smith-Magowan187 and of Spink and Wadso,184 
appear most accurate and are consequently the primary 
contributors to the resulting ATcT value for ΔfH°298(glycine (aq, 

undiss.)).
Mutatis mutandis, the thermochemistry of fully dissociated 
aqueous glycine (aq) at infinite dilution is defined in the ATcT TN 
relative to undissociated aqueous glycine (aq, undiss.) via the 
experimental determinations193-198 that relate to the second 
dissociation constant of aqueous glycine.199 According to the 
variance decomposition, the ATcT enthalpy of formation of 
glycine (aq) is most strongly influenced by the quite accurate 
determinations by Hamborg et al.,197 Datta and Grzybowski,195 
and Owen.193

With respect to the thermochemistry of aqueous glycine, of 
note is that the difference between the 298.15 K enthalpy of 
formation of -glycine and glycine (aq, undiss.) implied by the 
corresponding values in the NBS Tables, 14.11 (± 0.40) kJ mol-1, 
is nearly identical to the current ATcT value, 14.15 ± 0.01 kJ 
mol-1. Similarly, the difference between the 298.15 K enthalpy 
of formation of -glycine and glycine (aq) from the NBS Tables, 
58.32 (± 0.40) kJ mol-1, is essentially the same as the ATcT value, 
58.29 ± 0.04 kJ mol-1. 
The ATcT enthalpy of formation of gas phase glycine is 
ΔfH°298(glycine (g)) = -394.70 ± 0.55 kJ mol-1. The ATcT value is 
2.6 kJ mol-1 more stable than the value of Pedley et al.72 (-392.1 
± 0.6 kJ mol-1) and ~4.2 kJ mol-1 more stable than the value of 
Ngauv et al.83 (-390.5 ± 4.6 kJ mol-1), although the significantly 
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larger uncertainty of the latter value allows for some overlap. In 
contrast to these two literature values, the recent 
experimentally-based revised value of Dorofeeva and 
Ryzhova138 of -393.7 ± 1.5 kJ mol-1 has, within its own 
uncertainty, a comfortable overlap with the current ATcT value.
It should be emphasized here that with respect to the 
thermochemistry of gas phase glycine, the ATcT TN includes 
both experimental and theoretical determinations. The 
experimental path to gas phase glycine in the ATcT TN relies on 
-glycine and involves determinations of sublimation 
enthalpies discussed in the Introduction. In terms of theoretical 
determinations, in addition to reaction (R1) given earlier, the 
ATcT TN includes the following isodesmic reaction:
NH2CH2C(O)OH + CH3CH3  CH3C(O)OH + CH3CH2NH2 (R2)
For both reactions the ATcT TN includes the computational 0 K 
energies obtained at five mid-level composite calculations 
carried in-house as discussed in the Methods section. Perhaps 
more importantly, for reaction (R1) the TN contains the 0 K 
reaction energy that is based on the quasi-W4 value for glycine 
of Karton et al.142 and W4 values for the other reactants from 
the W4-11 dataset.200  The ATcT TN also includes the 0 K total 
atomization energies at the W1-F12, W2-F12, and W2.2 level of 
theory obtained by Karton et al.142

The variance decomposition reveals that the primary 
provenance of the ATcT enthalpy of formation of gas phase 
glycine is from experimental data. Consequently, the ATcT value 
for the enthalpy of formation of gas phase glycine relies 
primarily on the ATcT enthalpy of formation of -glycine, 
combined with the ATcT sublimation enthalpy ΔsubH°298(-
glycine) = 133.68 ± 0.55 kJ mol-1. Variance decomposition 
indicates that the two primary contributors to the latter are the 
determinations by Ngauv et al.83 (38%) and by Takagi et al.102 
(9%). 
Theory has a secondary, but definitely non-negligible 
contribution to the ATcT enthalpy of formation of gas phase 
glycine. The most relevant theoretical determination is the 
isodesmic reaction (R1), where, according to variance 
decomposition analysis, the primary contributor is the quasi-
W4 reaction energy of Karton et al.142 (14%). In particular, the 
current ATcT 0 K enthalpy of reaction (R1) is ΔrH°0(R1) = 19.33 ± 
0.56 kJ mol-1, while the theoretical value obtained by combining 
the quasi-W4 enthalpy of formation of glycine142 with W4 
enthalpies of formation from the W4-11 database200 is 19.1 kJ 
mol-1 (cf. to the rather similar 19.4 kJ mol-1 at the W2.2 level of 
theory). Evidently, the current ATcT value and the quasi-W4 
value (as well as the W2.2 value) are in excellent agreement, 
differing only by 0.2 kJ mol-1. 
In retrospect, it appears that the theoretical result of Karton et 
al.142 for reaction (R1) (which slightly gains additional statistical 
significance by the rather similar mid-level computational 
values for reaction (R1), which range between 18.9 and 20.4 kJ 
mol-1), helps guide the iterative process of convergence to the 
final ATcT results listed in Table 4. Namely, during the ATcT 
statistical analysis of the TN content, the existence of 
theoretical results for reaction (R1) in the TN influences the 
internal consistency checks and helps pruning down the set of 
possible enthalpy/sublimation enthalpy combinations to a 

feasible subset that is consistent with the enthalpy of formation 
of gas phase glycine implied by reaction (R1), thus helping the 
process of arbitration between inconsistent determinations 
surrounding -glycine.

Conclusions
Given the fact that the entries in the ATcT TN consist primarily 
of curated201 thermochemically-related determinations from 
the literature, enhanced by additional in-house computations, 
the ATcT approach is arguably a data-mining approach that is 
capable of arbitrating between inconsistent determinations. In 
the case of glycine, ATcT successfully resolved the existing 
inconsistencies in literature data, producing final enthalpies of 
formation of gas phase glycine, all three polymorphs of solid 
glycine, and two thermodynamically distinguishable aqueous 
forms, as given in Table 6. These results correspond to the most 
accurate thermochemical values for glycine currently in 
existence.
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The current version of ATcT results, together with detailed analyses of provenance and cross-correlation 
for each species, will become shortly available on the ATcT website, ATcT.anl.gov

All other raw data are archived at Argonne National Laboratory and is available for inspection upon 
reasonable request.
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