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Abstract

The current paper discusses the enthalpy of formation of triglycine. Upon asking “What is the enthalpy of formation of trigly-
cine?”, we find that there are two non-isomeric species that are generally referred to as “triglycine”: glycylglycylglycine and
nitrilotriacetic acid. In the current paper the enthalpies of formation of these two species termed "triglycines" are discussed
and related to each other. In addition, a similar analysis is carried out for the related “diglycines”.

Keywords a-amino acids - Diglycines, enthalpies of formation, fusion and of reaction - Glycine - Glycylglycylglycine -

Nitrilotriacetic acid - Triglycine(s)

Introduction

In our recent paper we reported on the thermochemical
study of the energetics of polyglycine, which included
an examination of the energetics of glycine itself and its
oligomers diglycine (glycylglycine), triglycine (glycyl-
glycylglycine) [1]. In that study, we had to be even more
careful than our usual practice of literature searching and
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subsequent analysis for most of our other publications. This
extra diligence was mandated because our initial findings
from SciFinder" [2] showed that there are two non-isomeric
species with the same name “triglycine”, namely the afore-
mentioned glycylglycylglycine and nitrilotriacetic acid, i.e.
NH,CH,CONHCH,CONHCH,COOH (and its zwitterion
counterpart, NH;*CH,CONHCH,CONHCH,COQO™) with
the CASRN 556-33-2 (Fig. 1a) and N(CH,COOH); (and its
zwitterion counterpart, NH*(CH,COOH),CH,COQO™) with
the CASRN 139-13-9 (Fig. 1b). Acknowledging that our
thermochemical interest was only for the former substance,
this word-related ambiguity is reminiscent of the content
and intent of our recent series of articles [3, 4] wherein we
interrelated the phonetic similarity of (sounds like) names of
all of the elements to the trivial names of general chemical
substances that are unrelated to that element. Acknowledg-
ing that we are always more interested in chemical energetics
than etymology, the name of the substance of phonetic inter-
est was accompanied by some quantity of thermochemical
relevance for any chemical entity chosen.

In the current study we interrelate the enthalpies of for-
mation of the identically named species “triglycine”. Both
species are solid multifunctional C, H, N, O-containing
compounds that “look” something like the a-amino acid
glycine itself, NH,CH,COOH (and implicitly also its zwit-
terion counterpart, NH;*CH,COO™). From the empirical
formulae of these two triglycine species, C¢H,;N;0, and
CcHgNOg respectively, it is evident that these two species
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Fig. 1 Structure of (a) gly- 0] o] HO o]
cylglycylglycine (CASRN H
556-33-2); b nitrilotriacetic N NH, OH
acid (CASRN 139-13-9) HO Y\N
H (e} N
(0]
OH
(6]

(@)

are not isomers. The first name suggests correctly that this
species is a polypeptide (or more properly, the tripeptide)
that is formed by the condensation of three glycine mol-
ecules. The second triglycine description suggests correctly
that triglycine is the tertiary amine counterpart of glycine
with its primary amino group. At this point, we wish to note
that SciFinder" [2] does not distinguish between the “neu-
tral/nonpolar” and “zwitterionic” forms of triglycine, nor
between glycine and other amino acids and their derivatives.
So, why should we explicitly discuss zwitterions at all?

We ask how many of the authors of studies on either of
these triglycine species (ca. 2500 papers and patents for
glycylglycylglycine, and ca. 17,000 papers and patents for
nitrilotriacetic acid) found in SciFinder" [2] would agree to
always use the alternative names nitrilotriacetic acid and gly-
cylglycylglycine instead of triglycine to eliminate the ambi-
guity? We suspect that very few would do so. We likewise
acknowledge that the use of the abbreviations “glyglygly”
and “NTA” eliminates the name ambiguity but, again, we
suspect that few authors would agree to this.

In view of our interest in the word-related ambiguity of
chemical compounds, we must note at this point that the
name “nitrilotriacetic acid” invites another nomenclature-
derived problem. “Nitrile” is often used for species with
C=N triple bonds. As such, the names of compounds such as
acetonitrile, CH;CN, only further confound the ambiguity.
Additionally, the name “glycine” sounds like “glycerine”,
now often referred to as glycerol, which we recognize as the
3-carbon compound 1,2,3-propanetriol, which correspond-
ingly lacks nitrogen.

It is also worth mentioning that there are several other
species that may also plausibly be named “triglycine”. These
compounds include NH,CH,CON(CH,COOH), (N-gly-
cyliminodiacetic acid) and (NH,CH,CO),NCH,COOH
(N,N-diglycylglycine), and their zwitterionic counterparts.
However, these two additional species have been almost
totally ignored by the chemical community. According to
SciFinder" [2], these compounds have received minimal
attention having under ten citations in toto. As these refer-
ences do not discuss chemical energetics, we will not explore
these additional species further in this text.
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Thermochemistry of nitrilotriacetic acid
and glycylglycylglycine

Returning to thermochemistry, we now explicitly discuss the
consistency of the reported values for the enthalpy of forma-
tion of the two substances of interest, nitrilotriacetic acid
and glycylglycylglycine. As enthalpy of sublimation data is
absent for both species in the experimental literature, as it is
for zwitterions in general, all compounds of interest in the
current study are implicitly assumed to be in their solid state.

In the absence of recent measurements of the enthalpy of
formation of glycylglycylglycine, we use the value of —966
(+10) kJ mol™! suggested by [5] as part of their experimental
calorimetric study on hexaglycine. For nitrilotriacetic acid,
we will use a value for its enthalpy of formation of —1312
(+1) kJ mol™! from [6].

To make a comparison of the energetics of glycylglycyl-
glycine and nitrilotriacetic acid, we have chosen to use a
hypothetical balanced reaction in which one triglycine is a
reactant and the other triglycine is a product. We thus con-
sider the hypothetical solid phase reaction (1):

N(CH,COOH), + 2RCONH, — .
NH,CH,CONHCH,CONHCH,COOH + 2RCOOH (!

Now, let us ask what R group is to be employed for our
understanding? Since both triglycines are aliphatic species,
we limit our attention only to species wherein R is likewise
aliphatic. To our surprise, the only examples of R we can
find are —COOH, —C(O)NH,, —C(O)CH,CH(NH,)COOH,
and R =—C(O)(CH,),CH(NH,)COOH, i.e., oxamic acid (and
oxalic acid), oxalamide (and oxamic acid), asparagine (and
aspartic acid), glutamine (and glutamic acid). These new
species have additional hydrogen bonding and electrostatic
interactions in the condensed phase that plausibly do not
cancel in the reaction. We therefore conclude that none of
these species are appropriate to employ in reaction (1).

It may thus appear that reaction (1) is without use as
there are no appropriate choices of R to be found. We
have therefore decided to relax some of the demands on
the group R to be chosen. Recall that we required all of
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the reagents and products to be solids. If we had chosen
the simple R = CHj, acetic acid, there would have been
problems. This species is “naturally” a liquid, in contra-
distinction to all of the other species in the reaction which
are appropriately solids. Let us accept this phase difference
and mitigate it by the use of a consensus of the experi-
mentally determined temperature uncorrected enthalpy of
fusion values for acetic acid [7]. Accordingly with the rec-
ommended enthalpy of formation of acetamide and acetic
acid from the contemporary thermochemical tables (ATcT)
[8-10], let us consider the reaction (2)

N(CH,COOH), + 2CH;CONH, — )
NH,CH,CONHCH,CONHCH,COOH + 2CH,COOH )

As written this reaction is found to be exothermic by
14 (+10) kJ mol ™.

We now note in reaction (1) that the reactants are recog-
nizable as a tertiary amine and two primary amides, while the
products are likewise one primary amine, and two secondary
amides. The simplest example of this type of transformation
is the reaction (3), where all reactants and products are solids.

(CH;),N + 2CH,CONH, — CH;NH, + 2CH,CONHCH;
3)

Accepting the enthalpy of formation of the methyl-
amines from [11] (with the required enthalpies of fusion
from [7]), of acetamide (ATcT), and N-methylacetamide
from [12] leads to the enthalpy of the new reaction (3) of
-3 (+ 6) kJ/mol (thermoneutral).

Based on the reactions (1) and (2) with accompanying
algebraic simplification, we consider the new reaction (4).
This reaction is calculated to be exothermic by 12 kJ mol™,
with an uncertainty of no less than 10 kJ mol™!, so large
mainly because of the value given for glycylglycylglycine
[5]. This allows for the possibility of thermoneutrality.

N(CH,COOH), + CH;NH, + 2CH;CONHCH; —
NH,CH,CONHCH,CONHCH,COOH + (CHj;),N + 2CH,COOH
“
We conclude that, even if the verbal ambiguity as to
which “triglycine” is meant, both species are well-charac-
terized in terms of the enthalpy of formation values found
in the thermochemical literature.

Fig.2 Structure of (a) iminodi-
acetic acid (CASRN 142-73-4);
b glycylglycine (CASRN

556-50-3) o)

(a)

Thermochemistry of diglycine

Relatedly to triglycine, we find in SciFinder" [2] that there are
also two species with the name “diglycine”, iminodiacetic acid,
NH(CH,COOH),, CASRN 142-73-4 (Fig. 2a) and glycylgly-
cine, NH,CH,CONHCH,COOH, CASRN 556-50-3 (Fig. 2b).
The former species has ca. 8000 Scifinder" [2] reference cita-
tions and an experimentally determined enthalpy of formation
of 933 (+ 1) kJ mol™ [13], while the latter species there are
ca. 7000 citations and an experimentally determined enthalpy
of formation of =748 (1) kJ mol™".

Analogous to the reaction (4) for the triglycines, we write
the following reaction (5).

NH(CH,COOH), + CH;NH, + CH;CONHCH; —
NH,CH,CONHCH,COOH + (CH,),NH + CH,;COOH
&)

This new reaction (5) is endothermic by ca. 11 kJ mol™'.
We admit our surprise that the reaction (4) is plausibly exo-
thermic, but the formally related reaction (3) is unequivo-
cally endothermic.

The question naturally arises as to why the signs for the
enthalpies of reactions (3) and (4) differ? What can be said
about the thermochemical data for other aliphatic tricarbo-
xylic acids? Besides nitrilotriacetic acid there are experi-
mentally determined enthalpies of formation of only the
tricarboxylic acids cis- and trans-aconitic acid and citric
acid (and its monohydrate) as of the time of our paper as
opposed to dicarboxylic acids, for which there are relatedly
ca. 30 examples. As such, we may ask ourselves if we know
enough to be confused?

Nonetheless, let us proceed. Let us look at the two homol-
ogous series: glycine, glycylglycine, glycylglycylglycine and
glycine (aminoacetic acid), iminodiacetic acid, nitrilotri-
acetic acid. From the linear regression analysis performed
in our previous study [1], the enthalpy of formation differ-
ence of glycylglycine and glycine is —220 kJ mol™". Like-
wise, the corresponding difference for glycylglycylglycine
and glycylglycine is the nearly identical —218 kJ mol~!. We
may say that there is nothing “special” regarding the ener-
getics of glycine, glycylglycine and glycylglycylglycine. By
contrast, the corresponding difference between the enthalpy
of formation of glycine and iminodiacetic acid is —528

HO (0] (0]
N
H (0] NH,
Y\N
H

OH

(b)
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—(=933)=405 kJ mol™!, while that of iminodiacetic acid and
nitrilotriacetic acid is 933 —(~=1312)=379 kJ mol'. Alter-
natively, we may consider the enthalpy of formation differ-
ence of glycylglycine and that of Y2[(glycine + glycylglycylg-
lycine). However, the difference between iminodiacetic acid
and glycine is —405 kJ mol™, while that of nitrilotriacetic
acid and iminodiacetic acid is only =379 kJ mol~!. From
this we deduce that nitrilotriacetic acid is destabilized by
(405-379) =26 kJ mol~! compared to iminodiacetic acid.

By contrast, the difference between trimethylamine/
dimethylamine is —3 kJ mol™' and the difference between
dimethylamine/methylamine is 6 kJ mol™'. Near equality
of the differences in the enthalpy of formation is also seen
when using enthalpy of formation data for general, but now
all in their liquid, phase, trialkyl/dialkylamines and dialkyl/
monoalkylamines [11, 14]. We thus conclude that nitrilotri-
acetic acid is significantly destabilized, while glycylglycyl-
glycine is neither stabilized nor stabilized, a result implicitly
supported by the statistical analyses found in ref. [1] for
general polyglycines.

In other words, from this analysis we would conclude that
nitrilotriacetic acid is expected to be more stable (or at least no
less stable) relative to iminodiacetic acid than iminodiacetic acid
is relative to glycine. And yet we know the opposite is found.

Discussion

Finally, let us return to our statement that nitrilotriacetic
acid, iminodiacetic acid and aminoacetic acid/glycine are
all zwitterions. Our earlier question was “Why should we
care about zwitterions?” In what follows, we explicitly con-
sider that these species are zwitterions, at least in the solid
phase, and that concludes our discussion. In each molecule
of zwitterionic nitrilotriacetic acid, we have one carboxy-
late anion and two carboxylic acid moieties. Likewise, in
the zwitterionic iminodiacetic acid we have one carboxylate
anion and one carboxylic acid moieties and in aminoacetic
acid/glycine we have a solitary carboxylate anion. Let us
consider unambiguous molecular situations in which we
have in turn one carboxylate anion and two carboxylic
acid moieties, one carboxylate anion and one carboxylic
acid moieties and a solitary carboxylate anion. Assuming
all zwitterion enthalpy of formation corrections are con-
stant [15], let us thus consider CH;COO ¢(HOOCCH,),,
CH;COO eHOOCCH; and CH;COO" all as isolated ani-
ons independent of solvent and counterion alike, as mimics
of nitrilotriacetic acid, iminodiacetic acid and glycine. The
first is recognized as an acetate ion that is hydrogen bonded
to two neutral acetic acids in an ion—molecule complex,
the second as an acetate ion that is likewise solvated by a
single acetic acid molecule, and the third as an unsolvated
acetate ion. The total hydrogen-bonding energy for the first
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ion—molecule complex has been experimentally shown [16]
to be 123 kJ mol™' and for the second 82 kJ mol~!. There
is a net destabilization of 123-82=41 kJ mol™! for our gas
phase nitrilotriacetic acid mimic relative to its iminodiacetic
acid mimic. compared to iminodiacetic acid and glycine. We
earlier deduced that nitrilotriacetic acid is destabilized rela-
tive to iminodiacetic acid by 405-379 =26 kJ mol™\. The two
values of destabilization associated with nitrilotriacetic acid
and glycylglycylglycine as deduced by our two approaches
discussed above are 41 and 26 kJ mol™!, These two numeri-
cal values are not numerically identical. However, given
that they were derived by very different assumptions and
yet are numerically comparable within the large uncertainty
associated with the enthalpy of formation of glycylglycylg-
lycine (ca. 10 kJ mol™!), we have hereby provided a plausi-
ble explanation for the thermochemical results for all solid
aminoacids of interest in our study glycine, nitrilotriacetic
acid and glycylglycylglycine, iminodiacetic glycylglycine
and iminodiacetc acid. Indeed, while the words “triglycine”
and “diglycine” remain ambiguous, the thermochemistry of
these species is now well-understood.

Conclusion

Despite the ambiguity of the names, both the triglycine and
diglycine species are well characterized in terms of the values
of the enthalpy of formation. When analyzing the zwitteri-
onic forms of these species, we observed a consistent pat-
tern of hydrogen bonding interactions and associated ener-
getic differences, providing a plausible explanation for the
thermochemical inequality among the species studied. This
highlights the importance of zwitterionic structures in influ-
encing the stability and behavior of amino acids and related
compounds, both in the solid state and in aqueous solution.
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