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Herein we report the first in-depth structural characterisation of simple linear carboxylic acids with alkyl
tail length ranging from one to six carbon atoms. By means of the SWAXS technique, a pronounced
Received 23rd June 2021, nanoscopic heterogeneity evolving along the aliphatic portion of the molecule is highlighted. Via
Accepted 19th August 2021 classical molecular dynamics, the origin of such heterogeneity is unambiguously assigned to the
DOI: 10.1039/d1cp02846d existence of aliphatic domains resulting from the self-segregation of the polar and apolar portions of the

molecules. Furthermore, the structural correlation of aliphatic-separated polar domains is responsible
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Introduction

Carboxylic acids are ubiquitous in nature."” They are produced
by basically all living organisms as by-products of their
methabolism™®® and are conveniently used in several chemical
processes.”?'* Despite their seemingly simple molecular structure,
carboxylic acids present a pronounced amphiphilicity due to
the markedly polar carboxylic group as opposed to the nonpolar
alkyl tail. This peculiarity is at the base of the use of their salts
as raw materials to produce soaps since antiquity. Surprisingly,
though, not much work has been done regarding the structural
characterization of such fundamental chemicals. Instead, most
studies focus on their hydrogen-bond network (mainly in the
solid-state)'®>™"” or the determination of the crystal structure."®

Only a handful of works deal directly with the liquid
structural determination,'®?® with only one paper explicitly
analysing it>' to an unsatisfactory level, not addressing the
heterogeneity of the systems. Such a gap in characterising this
important class of compounds is frankly unexpected and needs
to be filled. Here we report the structural characterisation of
formic acid (methanoic acid, C;OOH), acetic acid (ethanoic
acid, C,O0H), propionic acid (propanoic acid, C;O0H), butyric
acid (butanoic acid, C4OOH), valeric acid (pentanoic acid,
C500H), and caproic acid (hexanoic acid, CsOOH). We limit
our discussion to short-chained, linear, fully hydrogenated,
liquid carboxylic acids (see Fig. 1). This study does not consider
effects arising from further complexity, e.g., multiple bonds or a
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for observing the so-called “pre-peak” in the SAXS region.

branched skeletal structure. The experimental SWAXS patterns
were collected and used to validate the classical molecular
dynamics simulations. The models were, in turn, used to extract
structural information about the systems. The motivation for
this study arises from the much-needed understanding of
the structural properties of simple amphiphilic molecules.
Such knowledge is of great importance to better understand more
complex mechanisms such as protein phase transitions,”*** ion
transport in ionic liquids,>**® and self-assembling liquid
crystals.*

Results and discussion

The experimental and theoretical SWAXS patterns of the n-alkyl
carboxylic acids are reported in Fig. 2.

The models reproduce the position and the shape of the
experimental peaks excellently. Minor discrepancies arise in
the calculated signal intensities, but the difference between the
simulation and the experiment is below 5% even in the worst

Fig. 1 Skeletal formulas of the n-alkyl carboxylic acids studied in this
work. (Left side) From top to bottom: formic acid, acetic acid, propionic
acid. (Right side) From top to bottom: butyric acid, valeric acid, caproic
acid. The polar portion of the molecules is depicted in red, and the apolar
part is in green.
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Fig. 2 Experimental (red, top) and theoretical (blue, bottom) X-ray
scattering patterns. The curves are vertically shifted for clarity.

case. All curves, except for the one relative to C;OOH, show an
evolving feature at g values below 1 A", indicating a mid-range
ordering of the liquid systems. The emerging peak, usually
called the “pre-peak”, becomes gradually more intense and
left-shifted as the alkyl chain grows, as displayed in Table 1 and
Fig. 3.

Such a feature and corresponding behaviour as a function of
chain length are uncommon in simple organic liquids, which
are usually homogeneous at mid-long scales, presenting flat
SAXS patterns below 1 A~*. Nevertheless, the pre-peak has been
reported in markedly amphiphilic systems such as n-alcohols,””°
and n-aldehydes,"** and also in more complex systems like
ionic liquids,**™® deep eutectic solvents,®” and pseudo-ionic
liquids.*®*™*° The trend of the pre-peak position as a function of
the alkyl tail length is shown in Fig. 3, together with two tentative
fitting lines. The experimental maxima positions were fitted with
a linear function (blue line in Fig. 3) and an exponential decay
function (red line in Fig. 3). Both the curves showed a satisfactory
agreement, with R* values > 0.98, albeit the exponential fitting
was more accurate. To unambiguously determine which function
governs the pre-peak position, we calculated the S(g) for the
heptanoic, octanoic, and nonanoic acids (C;OO0H, CgOOH, and
Cy00H, respectively), finding an almost perfect agreement with
the value predicted by the exponential decay. The C, ¢OOH

Table 1 SAXS pre-peak parameters for the n-alkyl carboxylic acids
reported in this work. The corresponding real distance was obtained with
the Bragg relationship (r = 2n/q)

System 100 S(q) [A.U.] qg[A™] r[A]

C,O0H N/A N/A N/A

C,O0H 6.3 0.95 6.61
C3;00H 14.4 0.82 7.66
C,O0H 14.8 0.70 8.98
C;00H 17.3 0.59 10.65
CcOOH 22.0 0.51 12.32
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Fig. 3 Pre-peak position as a function of alky! tail length. The experimental
points (black) were fitted with linear (blue) and exponential (red) functions.
The pre-peak positions marked with green squares were obtained by MD
simulations and were not included in the fitting.

structure functions and the fitting parameters can be found in
Fig. S1 and Table S4 of the ESL¥

The pre-peak position exponentially decaying with the num-
ber of carbon atoms in the chain implies that any additional
methylene group has a smaller effect on the pre-peak position
than the previous methylene addition. In other words, defining
Aq as the difference between the pre-peak positions:

Aq = qc,00n — 4c,,,00H (1)

where n is the number of carbon atoms in the alkyl tail, Ag
becomes smaller as n gets larger. Eventually, in the limit of an
infinitely long tail:

nHToo Ag=0 (2)

Such behaviour will be intuitively understood in the following,
vide infra.

Although the existence of the pre-peak in simple carboxylic
acids was already reported in 2012 by Lajovic et al.,>" the origin
of that feature has not been pinpointed so far. In this work, we
take advantage of the remarkable quality of our models (Fig. 2)
to identify the nature of the pre-peak in this somewhat simple
class of molecules. To do so, we calculated some partial
structure functions S; f(q) (Fig. 4). The total X-ray scattering
function, S(g), is defined as:

Soxifioxifi - Hij(q) = Y xi- fE - x;-ff

i i
S(q) = S xS (3)

i#]

where, for every i,j atom pair, we have the respective mole
fractions x; and x;, the atomic form factors f; and f; and the
Fourier transform of their radial distribution function H; j(q).
As is clear from eqn (3), it is possible to calculate the partial
structure functions by selecting only a subset of the possible i
and j pairs, with the constraint that the sum of the partial
structure functions obtained for all the possible i7,j pairs
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Fig. 4 Partial structure functions derived from the molecular dynamics
simulations. (a) Spp(q); (b) Saal@); (c) Spalg). For all the panels: C;OOH
(blue), C,OOH (red), C3OOH (green), C4OOH (brown), CsOOH (cyan),
CgOOH (orange).

returns the total structure function S(gq), or:
S(@) = Si4) (4)

It should be clear that the partial S(q)s are not experimen-
tally accessible, so they can be confidently extracted only from a
model well-representing the real system.

The atom pair selection is straightforwardly made by setting
the mole fraction of the undesired atoms to zero in eqn (3), as
implemented in the TRAVIS software.’’ Practically, this is
equivalent to making the undesired atoms transparent to
X-rays, thus observing only the scattering pattern originated
by the selected atoms in their positions.

We partitioned the structure function in three partial S(q)s
following eqn (3). The selected i, pairs have been chosen to
focus on the amphiphilic nature of the molecules, highlighting
the effect of the progressively longer alkyl chain. Based on the
polar/apolar molecular portions defined in Fig. 1, we calculated
the partial structure functions for the polar-polar (P,P), apolar—
apolar (4,4), and polar-apolar (P,4) correlations (see Fig. 4). We
made the radical decision to consider all the carbon atoms as
part of the hydrophobic portion of the molecule (see Fig. 1).
However, the overall results would be only slightly affected by
considering the carboxylic carbon as part of the hydrophilic
portion. Therefore, this decision was made to include C;O0H
flawlessly in the analysis. From Fig. 4a, corresponding to the
Spp(g)s, it is immediately evident how the pre-peak originates
from this structural correlation. In fact, a feature at g values
below 1 A™* evolves in the structure function along with the
alkyl chain length, passing from the absolute flatness in
C,00H to a rather sharp and well-formed peak in CsOOH, as
experimentally observed in the total S(g)s.

Another important clue about the origin of the pre-peak
comes from the partial Sp(g) functions (Fig. 4c). In fact, in the
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low g region, a progressively more negative contribution to the
structure is observed with increasing the alkyl tail length. Such
behaviour suggests volume exclusion in the corresponding
regions of real space, i.e., mutual self-segregation. The exclusion
becomes more pronounced from C;00H to C¢OOH because of
the increased hydrophobic character of the molecules, resulting
in a more efficient repulsion of the polar portion of adjacent
molecules. The same effect is responsible for the increased
intensity and sharpness of the pre-peak as the alkyl tail grows.

We would expect Spp(q) and S, 4(g) to be reasonably similar,
given that polar domains are separated by apolar domains and
vice versa. Nevertheless, the latter functions are entirely flat in
the low g region, as evident from Fig. 4b, suggesting the
absence of correlations and volume exclusion at mid-long
scales. This is easily explained by the hydrophilic portion of
all considered acids being always the same, composed of the
carboxylic groups. The corresponding formed polar domains are,
thus, relatively small, and their contribution to the structure
functions is buried in the main peak at around 1.5 A™". In fact,
in that g region, the so-called main peak is always observed for
any liquid.

Such a peak originates from the first neighbours’ shells. In
the case of carboxylic acids, the vastly dominant intermolecular
force is the strong intermolecular hydrogen bonding involving
the carboxylic groups. On this basis, it is reasonable to expect
that the separation induced by the polar domain is always in
the g region of the main peak and consequently buried under-
neath it. The visual inspection of the simulated boxes clarifies
the nature of the observations (see Fig. 5).

As the alkyl tail grows, a clear structural evolution appears.
The polar portion of the molecules tends to stay together
because of the strong intermolecular hydrogen bonding
between the carboxylic groups and the lipophobicity towards the
alkyl tales. Consequently, two separated domains are generated
(only the polar domain is shown in Fig. 5, for clarity). Such
domains get more and more physically separated as methylene
groups are added to the aliphatic part of the molecule, as hinted
by the larger voids separating the red portions in Fig. 5. In other

™
C,00H

C,00H

C,00H

Fig. 5 Snapshots of the simulation boxes. Only the hydrophilic domain is
shown for clarity.
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words, the hydrophobic domain acts as a “spacer” between the
polar groups of different molecules, modulating the characteristic
distance from which the pre-peak in the structure function
originates. The segregation is shown in Fig. 6¢ and schematically
represented in Fig. 6d. It is worth noting that the overall structure
is bicontinuous, with the polar and apolar domains percolating,
reminiscent of the sponge-like structure of some ionic liquids.**
The same conclusion is achieved by calculating the volume of the
domains (Fig. S2 in ESI{).

The polar domain size stays roughly constant regardless of
the acid considered, which is expected because the polar
portion is the same for all six chemicals. Consequently, the
occupied volume is also always the same, corresponding to the
carboxylic portion of the molecules combined. On the other
hand, the apolar domain steadily grows due to the alkyl tail
length because more methylene units contribute to the overall
apolar portion volume.

Accordingly, the apolar domain growth pushes apart the
polar domains (Fig. 6¢ and d), with the consequential pre-peak
shift towards smaller g values.

Finally, by looking at the radial distribution functions
(RDFs) of the oxygen atoms it is possible to appreciate, in
the real space, the structural correlations responsible for the
pre-peak. As expected, the radial distribution functions look
somewhat similar, being calculated for the carboxylic oxygen
atoms, the same functional group in all the examined mole-
cules. However, two exciting effects are appreciated when
focusing on the 6-20 A region, ie., the part corresponding to

3
a b et ¢
22 1 *4

Exalted g(r) [A]
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the observed pre-peak. The first (highlighted with the pink
arrow on the left of the inset in Fig. 6b) is a progressive loss of
correlation in the 6-9 A region, passing from C;O0H to C;OOH.
The intensity loss could be related to increasingly important
coiling effects and the side-side interactions of the alkyl tails.
Unfortunately, differentiating and quantifying the two effects is
not trivial and beyond the scope of the present paper. At the
same time, the longer-range bump at 11-18 A (central and
rightmost pink arrows in Fig. 6b inset), even if not dramatically
changing, becomes the only peak in this region to be more intense
than 1. This means that it becomes the dominant correlation, thus
explaining the low g shift of the peak with increasing chain length.
To better appreciate the subtle differences in the long-range part of
the curves in Fig. 6b, we exalted the RDFs:

Exalted g(r) = {[g(r) — 1]-r}+1 (5)

A possible driving force for the enhanced intensity of the
longer-scale correlation is the progressively more pronounced
hydrophobicity of the apolar domain. In fact, one has to
consider that the self-segregation becomes more effective
with longer chains, owing to a more defined and persistent
structuration. This interpretation also explains why the pre-peak
intensity in Fig. 2 and 4b increases along with the number of
methylene groups in the chain, as stated above. Furthermore, as
the tail grows, the separation is more effective, enhancing the
contrast between the low-electron-density aliphatic region and
the high-electron-density polar region and, thus, affecting the
intensity of the pre-peak.
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(a) Schematic representation of the characteristic distances originating the peaks observed in the oxygen—oxygen radial distribution function.

The colour of the arrows indicates to which peak they are associated. Peak 1 (red), peak 2 (green), peak 3 (cyan), peak 4 (violet). (b) Radial distribution
functions for the Oxygen—Oxygen correlation. The inset magnifies the exalted functions (eqgn (5)) in the region responsible for the pre-peak. For both
panels: C;OO0H (blue), C,OOH (red), CzOOH (green), C4O0H (brown), CsOOH (cyan), CeéOOH (orange). (c) Snapshot of a region of the simulation box for
CgOOH. The polar part is depicted in red, the apolar part is in green. The atoms are displayed as spheres, and the corresponding domains are rendered as
space-filling clouds. (d) Schematic representation of the self-segregated domains.
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Conclusions

In summary, we have here shortly reported the inherent nano-
heterogeneity of simple linear n-alkyl carboxylic acids. The
experimental SAXS patterns clearly showed an evolving nano-
structuration of these ubiquitous compounds, which depends
on the length of the alkyl chains. Classical molecular dynamics
allowed us to determine the origin of this peak being the
aliphatic-mediated distance between polar domains. This
conclusion is in line with similar observations in markedly
amphiphilic molecules, such as alcohols and ionic liquids.
However, the subtle balance between hydrogen bonding, van
der Waals forces, and dispersion forces in such simple molecules
appears to return pictures much more complicated than one
could expect. The pronounced heterogeneity at the nanoscopic
level of carboxylic acids could be exploited by using them as a
lubricant and explains their excellent properties as solvents.
However, a significant limitation is that they remain acids and,
albeit weak, could lead to undesired effects during their use.
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