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Gaussian analysis of Raman spectroscopy reveals three
significant structures in the liquid acetic acid (AA): linear
chains involving C-HeeeO=C and O-He*O=C hydrogen
bonding, cyclic dimers and dissociated monomers that can
effectively cooperate with hydrogen bonded stacks of linear

AA or polymer chains.
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The molecular structure of carboxylic acids (refer to Scheme) is
of interest with respect of hydrogen bonding. They are simple
model molecules in terms of studying interactions between
carboxyl group and surrounding molecules and known to form
the stable cyclic dimer that shows the strong double-bridged O—
He+«O=C (dots) hydrogen bonding." It was realized that AA, the
simplest carboxylic acid, exists in a mixture of predominantly
cyclic dimers and monomers in the vapour phase <150°C? and
linear chains that involve C—He*«O=C and O—He¢*+«O=C hydrogen
bonding in the solid crystalline form,” respectively. Information
on the liquid AA structure is, however, more limited than in the
gas and solid state, which can be derived from electron and X-ray
diffraction measurements respectively. A way to explore the
liquid AA structure is to use vibrational molecular spectroscopy
aided by theoretical simulations, which, however, led to two
predominant but controversial liquid AA structures of either
chains/clusters® or dimers/short structures,” with insufficient
consideration of dissociated monomers® for both. This is largely
due to the difficulties of assigning a bond to specific hydrogen
bonding when direct structural measurements are not available
and also the greater diversity of hydrogen bonding in the liquid
state,® particularly with respect of dissociated AA monomers.
In principle, reduction of one hydrogen bonding structure
within one liquid system would result in the increase of the others
(one or more), or vice versa. Therefore, most interpretation of
vibrational molecular spectroscopy of AA in the liquid state made
before was disputable due to the lack of simultaneous
consideration of the overall hydrogen bonding structures within
each complete binary system of AA studied. In this report, liquid
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AA structure was reinvestigated through Gaussian analysis of
Raman spectroscopy obtained from 4 AA binary systems,
namely, AA and EG (n=1), DEG (n=2), PEG300 or 400 (built up
by repetition of the same simple unit) (refer to Scheme),
respectively. The overall hydrogen bonding structures and their
gradual changes within each four binary systems were considered
together, respectively. In addition, Gaussian analysis was
performed on Raman spectroscopy in the range corresponding to
not only the O=C double bond but also the single bonds of AA
that were scarcely studied before.
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Fig. 1 Raman spectroscopy of O=C bond of AA (black open triangle) and
Gaussian modes assigned to AA monomer (pink), cyclic dimer (green)
and linear chains that involve C—He**O=C (blue) and O—He¢**O=C (red)
hydrogen bonding.

The baseline corrected Raman spectroscopy of the O=C bond
of AA (open triangle) and its de-convolved 4 Gaussian modes'
(solid lines) are shown in Fig.1, in which there are no interfered
Raman signals from 4 co-solvents. In this report, four Gaussian
modes were assigned to 3 significant structures of AA in the
liquid state that were identified separately before, i.c., monomers
(pink), cyclic dimers (green) and linear chains involving C—
HeeeO=C (blue) and O-HessO=C (red) hydrogen bonding,
respectively. In previous studies, the weak peak at ca. 1760cm™
was generally assigned to the end of linear chains or monomers
but merely based on assumption rather than investigational
studies. The pronounced peak at ca. 1670cm™ was generally
treated as a linear hydrogen bonded chain, which could not be
discriminated into two hydrogen bonding structures by using
ordinary data analysis approaches such as derivatives.” The
assignment of the peak at ca. 1720cm™ was diverse and even
controversial, which was completely missing in the solid form
and found to increase with temperature in the gaseous phase.***
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5 Fig. 2 Gaussian modes versus the volume fraction of AA in the binary
systems of AA and EG (a&e), DEG (b&f), PEG300 (c&g) or PEG400
(d&h) respectively. The same colour code for the curves with respect
of volume fraction of AA (refer to the legend in d)) was used for 4
binary systems throughout this report.

10 Three significant AA structures (as assigned with 4 Gaussian
modes depicted in Fig. 1) all changed with the volume fraction of
AA in 4 binary systems. For better view, the change of the
Gaussian modes of AA is displayed separately as shown in Fig. 2
a) to d) (monomers and linear chains) and 2 ¢) to h) (dimers and

15 short structures) respectively. The population of the linear
hydrogen bonded AA chains at ca. 1670cm™ in Fig. 2 a) to d)
decreased monotonically with initial addition of the co-solvent in
all 4 binary systems. The AA chains that involve O—Hee«O=C
and C—He+*O=C hydrogen bonding eventually became missing in

20 the 4 binary systems when the volume fraction of AA decreased

to either 80 (EG) and 60% (DEG, PEG300 and PEG400) for the

former or 60 (EG), 50 (DEG), 30 (PEG300) and 30% (PEG400)

(not shown) for the latter respectively. This strongly suggests that

the cooperative hydrogen bonded stacks of linear AA chains* ¢

collapsed in the binary systems due to the increased interaction
with each 4 polar co-solvents through uncooperative hydrogen
bonding. The constant peak position of the O—He+«O=C hydrogen
bonding (e.g. as marked by a vertical line with two arrows in Fig.
2d) suggest that it is very stable in the liquid;** ® whilst the

a0 shifted peak position to the higher wavenumber of the C—

Hee+O=C hydrogen bonding (e.g. as marked by a tilt line with an

2:

G

arrow in Fig. 2d) suggest that the cooperative hydrogen bonded
stacks of linear AA chains gradually became loose*™*¢ with less
cooperative effectiveness and eventually collapsed with further
35 addition of each co-solvent. In addition, the O-HeesO=C
structures from the fallen apart AA chains predominately
converted to the strong double bridged cyclic dimers at ca.
1720cm™ that monotonically increased in all 4 binary systems as
indicated by the increased single Gaussian mode from the
40 original 100 (neat AA) (blue curve) to the volume fraction of AA
at 70% (pink curve) in Fig. 2 e) to h). The C-He**O=C structures
from the fallen apart AA chains alternatively resulted in the
overall increases of complex dimers and short structures® as
illustrated by the increased contours involving multiple Gaussian
4s modes (not shown) instead of the single cyclic dimer mode below
the volume fraction of AA at about 60% (purple curve) in Fig. 2
e) to h). The population of dissociated AA monomers at ca.
1760cm™ also increased initially from the original neat AA
(100%) due to the fallen apart AA chains, which, however,
so displayed different manners in the 4 binary systems. For instance,
it increased monotonically from the original neat AA (100%) to
the volume fraction of AA at 40% and even further to the
maximum at 10% (refer to the legend in Fig. 2d) when the AA
chains became not present in the binary system of AA and
ss PEG400. This illustrated that the collapsed cooperative hydrogen
bonded stacks of linear AA chains were replaced by those of the
stronger linear PEG400 chains, which eventually resulted in the
increase of the dissociated AA monomers. On the other hand, it
remained almost the same in the binary system of AA and EG
o from the original 100% to the volume fraction of AA at 60%, but
became absent below 50% when the cooperative hydrogen
bonded stacks of AA chains collapsed completely as shown in
Fig. 2a. This demonstrated that the collapsed cooperative
hydrogen bonded stacks of AA chains were irreplaceable in the
os binary system of AA and EG so that the significant increase of
predominate dimers and short structures were observed instead
(refer to Fig. 2e). The relatively higher population of the
dissociated AA monomers in the binary system of AA and the co-
solvent with longer molecules/association/chains (in the order
70 from EG to DEG, PEG300 and PEG400 as seen in Fig. 2a to 2d)
confirmed that the cooperative hydrogen bonded stacks of AA or
polymer chains are essential on the existence of the dissociated
AA monomers in the liquid state. Evidently, the peak (ca.
1770cm™ depicted in Fig. 1 should be assigned specifically to the
75 dissociated AA monomers rather than the end of hydrogen
bonded AA chains that were absolutely missing, e.g. at 10% of
AA in the binary systems of AA and PEG400 as seen in Fig. 2d.
In addition, it was found that, with the increased co-solvent in the
binary systems, 1) FWHM of two Gaussian modes of AA linear
so chains gradually reduced from ca. 56 and 22cm™ for C—HeeeO=C
and O-He++O=C, respectively, in all 4 binary systems; 2) FWHM
of monomers (ca 28cm™) kept almost the same in the binary
system of AA and EG (or DEG) but gradually increased in the
binary system of AA and PEG400 (or PEG300), respectively; 3)
ss FWHM of cyclic dimers (ca. 38cm™) increased suddenly in the
binary systems of AA and EG (or DEG) but increased gradually
in the binary system of AA and PEG400 (or PEG300),
respectively. The changes of FWHM for 4 Gaussian modes of
AA also support the different hydrogen bonding structures in the
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binary systems of AA and the shorter (EG or DEG) or longer
(PEG400 or PEG300) surrounding co-solvent molecules.
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Fig. 3 Gaussian modes assigned to bend/deformation vibration of C-

H bonds versus the volume fraction of AA in the binary systems of

AA and EG (a) & (c¢) or PEG400 (b) & (d). The overlapped Raman

Gaussian modes of AA and EG or PEG400 are displayed separately
10 for better view.

The impact of hydrogen bonding on Raman spectroscopy
should be perceptible in the range corresponding to the single
bonds (C-C, C-O, C-H and O-H) as well as the mostly studied
O=C double bond of AA, where in principle hydrogen bonding

15 can form. It is anticipated that the impact of hydrogen bonding on
the former is weaker and predominately interfered with that of the
most organic solvents and, therefore, was scarcely studied before.
Here, some preliminary results through Gaussian analysis with
respect of bend/deformation vibration of C-H bonds from the

20 binary systems of AA and EG or PEG400 are reported here
respectively. As seen in Fig. 3 a) and c), the significant peak shift
in three Gaussian modes of the C-H bond of AA (two in a) and
one at ca. 450cm™ in c) are observed due to the collapsed
cooperative hydrogen bonded stacks of AA chains irreplaceable

25 by the shortest molecules/association of EG among 4 co-solvents
studied; whilst the peak position of two Gaussian modes of EG
itself at ca. 525 and 485cm™ in ¢) remain the same. Nevertheless,
the same three Gaussian modes of AA (two in b) and one at
450cm™ in d) remain the same due to the collapsed cooperative

30 hydrogen bonded stacks of linear AA chains replaced by those of
stronger linear PEG400 chains; whilst the significant shift of the
peak position of two Gaussian modes of PEG400 itself at ca. 575
and 525cm™ d) were observed respectively. The former could
possibly suggest that AA changed from the cooperative hydrogen

ss bonded stacks of AA chains*®® to the disordered short AA
aggregations;® whilst the latter illustrated that polymer PEG400
itself gradually changed from intramolecular to intermolecular
hydrogen bonded chains through the interaction with the
dissociated AA monomers and short structures. Similar changes

40 of the Gaussian modes of AA and each four co-solvent molecules
against the volume fraction of AA were also observed in Raman
spectroscopy in the ranges corresponding to the other single
bonds of AA, which will be reported in detail in future.

Conclusions

4s Through Gaussian analysis of Raman spectroscopy of the binary
systems of AA and each four co-solvents sharing the same simple
unit, the present study revealed the liquid structure of AA is
somewhere in between the solid and gaseous state, in which the
effective cooperativity of the overall hydrogen bonding structures

so takes the important role on stabilization of dissociated AA

monomers. ob
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