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Pressure-Induced Polymerization of Acrylic Acid: A Raman Spectroscopic Study
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We report here the first in-situ Raman spectroscopic study of pressure-induced structural and polymeric
transformations of acrylic acid. Two crystalline phases (I and II) were observed upon compression to ~0.3
and ~2.7 GPa. Phase I can be characterized with a single s-cis molecular conformation with possibly a
similar structure to the low-temperature phase, while phase II suggests significantly enhanced molecular
interactions toward polymerization and structural disordering. Beyond ~8 GPa, spectroscopic features indicate
the onset of polymerization. The high-pressure polymeric phase together with the pressure-quenched materials
was examined and compared with two commercial acrylic acid polymers using Raman spectroscopy. The
characteristics of polymeric acrylic acid and their transformation mechanisms as well as the implications of

hydrogen-bonding interactions are discussed.

1. Introduction

Pressure-induced polymerization is a chemical process per-
taining to green chemistry as the reactions can be carried out
in the absence of any solvent or catalyst, which implies a lesser
environmental impact. The application of pressure was found
to have a significant impact on the addition-type polymerization
in both liquid- and gas-phase systems because the transition
state of an addition reaction occupies a smaller volume than
the initial state.! As intermolecular interactions can be signifi-
cantly tuned under pressure, monomers may undergo structural
transitions to phases that are more favorable for polymerization
via new reaction pathways producing novel properties that are
distinct from those obtained using conventional synthetic
methods.” The earliest pressure-induced polymerization studies
of several simple monomers such as acrylamide, p-phenylsty-
rene, potassium p-styrenesulphonate, and so forth have been
reported by Bradbury et al.> More recently, Bini and co-workers
have reported pressure-induced polymerization of ethylene,
butadiene, phenoxy ethyl acrylate, isoprene, acetylene, propene,
and so forth using pressure and optical “catalysis”.>*~10 The
nature of pressure-induced polymeric forms was found to depend
upon the applied pressure, the transition kinetics, and the
additional optical excitations. In the case of butadiene, for
instance, pressure-induced dimerization was found to occur at
pressures above 0.7 GPa. However, dimerization was completely
suppressed by the rapid formation of pure trans polybutadiene
upon irradiating the high-pressure sample with a few milliwatts
of a 488 nm Ar" laser.” Similarly, ethylene transformed to low-
density polyethylene when compressed above 3 GPa in the solid
phase, whereas liquid ethylene was found to polymerize at 0.5
GPa under laser irradiation to form a high-density crystalline
polymer.> These examples demonstrate that pressure-induced
polymerization reactions with the aid of photon activation result
in the reduction of the transition pressures and thus can be
utilized for high-pressure synthesis with a possible extension
to large volume applications.!'”
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Poly(acrylic acid) is a well-known polymer with a wide
variety of industrial applications such as being superabsorbent
materials, biocompatible polymers in bioadhesive drug delivery
systems, polyelectrolytes in electrochemical devices, and nan-
opolymers in molecular devices. The molecular weight as well
as the conformational state of the polymer significantly influ-
ences its functionality and different potential applications. In
addition, hydrogen-bonding interactions play an important role
in tuning the structures and the functionalities of these polymeric
systems. Acrylic acid (CH,=CH—COOH), the monomer of
poly(acrylic acid), exhibits unusual features in polymerization
as it has a carboxyl group which readily undergoes molecular
associations through hydrogen bonds. As hydrogen-bonding
interactions have proven to be sensitive to compression,'!
studying the effect of pressure on structural transformations of
acrylic acid would be of fundamental interest. Moreover, it is
of great significance in the polymer industry to explore pressure-
induced polymerization from this monomer as the polymer
product with improved properties distinct from that obtained
using conventional synthetic methods might be obtained.'> We
have therefore carried out in-situ high-pressure Raman inves-
tigations of this compound up to 10 GPa and here report the
interesting structural transitions leading to the polymerization
of acrylic acid.

2. Structural Details

Acrylic acid is the simplest unsaturated aliphatic acid. The
molecular structures of the monomer and the dimer of acrylic
acid have been extensively investigated by electron diffrac-
tions,'? vibrational spectroscopy,'* !¢ and ab initio calculations.'®
Depending on the physical state, many conformers have been
observed, of which the three most representative, that is, s-cis,
s-trans (C—0), and s-trans, are shown in Figure 1a. For example,
in argon and krypton matrixes, the acrylic acid monomer exists
as a mixture of two conformers with similar energies differing
only in the relative orientation of the C=C—C=0 axis.'® Upon
irradiation by a xenon lamp at A = 243 nm, the s-cis conformer
(with a C=C—C=0 dihedral of 0°) corresponding to the
conformational ground state converts to the s-trans conformer
(with a C=C—C=0 dihedral of 180°). In the liquid phase,
dimeric structures strongly predominate, and both conformations
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Figure 1. Molecular (a) and crystal (b) structures of acrylic acid. Three
representative conformations (i.e., s-cis, s-trans (C—O), and s-trans)
in liquid phase are adopted from ref 16. The crystal lattice is viewed
along the c-axis, and only one layer of unit cell content on the z = 0
plane is depicted. The black, red, and white balls denote C, O, and H
atoms, respectively. The hydrogen-bond interaction between two
adjacent acrylic acid molecules is indicated by pink dashed lines.

were indicated by the vibrational spectra.!® In the solid phase,
the structure of crystalline acrylic acid has been determined at
138 K using X-ray diffraction methods by Higgs and Sass.!” It
belongs to an orthorhombic space group Ibam (D3}) with eight
molecules per unit cell (or four molecules per primitive cell)
with unit cell constants of a = 9.966 + 0.007 A, b = 11.744 +
0.013 A, and ¢ = 6.306 + 0.016 A. The molecules are planar
hydrogen-bonded dimers lying on crystallographic mirror planes
as shown in Figure 1b. From this perspective, Krause et al. have
interpreted the vibrational spectra of acrylic acid on the basis
of a primitive cell composed of two weakly interacting dimer
molecules or four monomer molecules, whose modes are highly
perturbed by hydrogen bonding to the nearest neighbor mol-
ecules.’

3. Experimental Section

High-purity (99%) acrylic acid monomer in the liquid form
was purchased from Aldrich and was used without further
purification. A symmetric diamond anvil cell equipped with a
pair of type I diamonds with a culet size of 400 um was used
in the experiment. The liquid samples of acrylic acid were
loaded into a hole with a diameter of 150 um drilled on a
stainless steel gasket that was preindented to a thickness of 90
um. The pressure was determined using the well-established
ruby fluorescence line with an uncertainty of +0.05 GPa under
quasi-hydrostatic conditions.'® Raman measurements were car-
ried out with a customized Raman microspectroscopy system.
The 488 nm line of an Innova Ar" laser from Coherent Inc.
was used as the excitation source. The laser was focused to
less than 5 um on the sample with an average power of 30 mW
by an Olympus microscope with a 20x objective. A 15x
eyepiece and a digital camera allowed for the precise alignment
of the focused laser beam on the sample. The Raman scattering
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signal was collected by the same objective lens with a
backscattering geometry. The Rayleigh scattering was removed
by a pair of notch filters which enabled a measurable spectral
range above 150 cm™!. The scattered photons were focused on
the entrance slit of a spectrometer and then were dispersed by
an imaging spectrograph housing a monochromator with a 0.5 m
focal length and equipped with multiple gratings. In this
experiment, an 1800 lines/mm grating with 0.1 cm™! resolution
was used. The Raman signal was recorded by an ultrasensitive
liquid-nitrogen-cooled back-illuminated charge-coupled device
(CCD) detector from Acton. The system was calibrated using
neon lines with an uncertainty of &1 cm™!. All measurements
were conducted at room temperature.

4. Results and Discussion

We have carried out high-pressure investigations in two
different sets of experiments in the lower pressure region of
0—4.5 GPa and in the higher pressure region of 3—10 GPa,
respectively. In the lower pressure region, the maximum pressure
was kept at ~4.5 GPa for hundreds of hours with an aim to
examine qualitatively any possible kinetics involved in the
pressure-induced structural transformations. In the higher pres-
sure region, Raman spectra were collected both on compression
and on decompression to examine the reversibility of the
pressure-induced transformations.

A. Raman Spectra in the Pressure Region of 0—4.5 GPa.
The Raman spectrum of liquid acrylic acid at ambient condition
is shown in Figure 2a. The Raman shifts observed in this study
are listed in Table 1 in comparison with earlier studies.’>™!> In
general, the frequencies of most of the characteristic modes
observed in this study agree very well with those reported
previously, and thus their assignments can be obtained consis-
tently from the earlier studies. However, the assignments of
some modes, such as the v(CO,); symmetric stretch and the
0(CH,) bending modes, are controversial.'*!® As the C—O bond
length was found to reduce upon dimerization,'* the mode
observed at 1433 c¢cm ~!, which stiffens under pressure (see
discussions below), is more likely to be the v(CO,); symmetric
stretching mode. In contrast, the pressure-induced softening of
the mode at 1393 cm™' (also see following sections) suggests
that it might be associated with the (CH,) bending mode. These
assignments were suggested by Kulbida et al.'® and were adopted
in Table 1 accordingly.

From Figure 2b, the Raman spectrum of acrylic acid indicates
a liquid-to-solid transition at 0.3 GPa to a high-pressure
crystalline phase (labeled as phase I) evidenced by the emer-
gence of vibrational modes in the lattice region 100—200 cm™".
In addition, the much sharper Raman band profile accompanied
by the dramatic change of all the vibrational modes of the CO,
group, including Q(CO,), w(CO,), ¥(CO,)s, and V(CO»)yy,
together with the merging of the doublet 6(C=C—C), 6(0O=
C—0), and w(CH,) modes indicated significant changes in the
molecular structures and conformations. These observations with
the detailed vibrational frequencies are consistent with the
previous low-temperature (i.e., 263 K) and ambient-pressure
Raman measurements of solid acrylic acid (see Table 1)
indicating that phase I was likely associated with a single s-cis
molecular conformation with significant dimeric molecular
interactions. Furthermore, such a liquid-to-solid transformation
was most evident in the visual observation of the crystallization
under an optical microscope (Figure 2 inset).

Figure 3 depicts the Raman spectra of acrylic acid at selected
pressures between 0.3 and 4.5 GPa upon compression. The
Raman profile displayed a smooth pressure evolution for all of
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Figure 2. Room-temperature Raman spectrum of acrylic acid collected (a) at ambient pressure as a liquid and (b) at 0.3 GPa as a solid in the
spectral region 100—3250 cm™!. The spectral region of 1800—2700 cm™! was truncated because of the lack of spectroscopic features. The assignments
of the characteristic Raman modes are labeled for the liquid phase (see Table 1). The inset shows the photograph of acrylic acid upon crystallization
at 0.3 GPa collected via an optical microscope.
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TABLE 1: Observed Frequencies (cm™ ') of Raman Active Modes of Acrylic Acid with Assignments and Their Pressure

Dependence, dv/dP (cm™!/GPa)

this work reference
liquid solid® solid* liquid? liquid® solid’
description” v v dv/dP v dv/dP v % v
V(CH)),s 3112 3111 8.8 3134 9.1 3112 3110 3108
v(C-H) 3041 3035 5.8 3055 7.2 3039 3040 3041
v(CHy)s 2994 2999 7.1 3019 7.8 2998 2996 2996
V(COy)asy 1726 1743 1728 1725/1705 1721
1(C=C) 1660 1657 4.4 1669 1.0 1660 1658/1620 1657
1638 1640 1.5 1644 1.1 1637 1636 1637
(CO»)s 1433 1445 1444 4.2 1434 1430/1408 1444
O0(CH,) 1393 1417 5.9 1426 -3.1 1395 1396 1414
0(C-0O-H) 1280 1280 1280 1292/1283
Oo(C-H) 1233 1252 74 1274 4.5 1232 1236 1252
1260 5.0
w(CHy) 1067 1073 5.0 1086 4.0 1069 1068/1044 1073
1045 1082 1.9 1048
Q(C-H) 976 973 3.7 986 4.1 977 997/926 973
975 0.7
1(C-C) 850 869 6.1 887 4.7 861 861 867
7(C=0C) 818 816 0.0 816 0.5 820 818 818
0(0=C-0) 645 649 32 659 33 643 642/628 642
626 653 2.3 625
w(COy) 552 548 525/548 535
Q(CO,) 498 520 4.7 531 2.0 512 517 516
o(C=C-C) 310 324 4.7 336 3.6 309 306/337 318
7(C-C) 172 202 16.8 253 20.0 139
lattice modes 161 9.0 185 3.9
147 54 163 5.8
128 7.7
107 8.0

@Reference 16. v: stretching; o: bending; w: wagging; Q: out-of-plane; 7: torsion; s: symmetric; asy: asymmetric. ® Frequencies were
measured at 0.3 GPa and 300 K; dv/dP’s were measured in the pressure region of 0.3—2.7 GPa. ¢ Frequencies were measured at 2.7 GPa and
300 K; dv/dP’s were measured in the pressure region of 2.7—8.0 GPa. ¢ Reference 14. ¢ Reference 16. Frequencies separated by a slash refer to
those associated with s-cis/s-trans isomers (see Figure 1a). / Reference 16. Measured at 263 K and ambient pressure.

the characteristic vibrational modes except that obvious splittings
were observed for 6(O=C—0), Q(C—H), and w(CH,) modes
above ~2.7 GPa indicating the formation of a new phase. The
frequencies of the observed Raman modes as a function of

pressure are shown in Figure 4 with the corresponding pressure
dependence (i.e., dv/dP values) listed in Table 1. The different
pressure dependence of most of the characteristic modes and
the appearance of new modes because of splitting also col-
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Figure 3. Raman spectra of acrylic acid at selected pressures upon
compression in the pressure region of 0.3—4.5 GPa in the spectral region
of (a) 100—1300 cm™! and (b) 1400—3300 cm .

lectively suggest the phase transition at around 2.7 GPa. We
labeled the new phase above 2.7 GPa as phase II, and we provide
discussions about the nature of this phase in the next section.
Interestingly, the 7(C—C) torsional mode at 172 cm™! in the
liquid phase at ambient conditions was replaced by a mode at
212 cm™! in the solid phase and was found to exhibit an
unusually large pressure-induced stiffening (i.e., 16.8 cm™!/GPa)
compared to all other modes, suggesting that the torsion along
the C—C bond was increasingly constrained under compression.
The pressure was kept nearly constant at 4.5 GPa, and the
Raman spectra recorded over a period of a month exhibited no
noticeable changes indicating that the high-pressure phase was
stable. This observation also suggests slow kinetics for polym-
erization at this pressure, in contrast to that reported for
ethylene.?

B. Raman Spectra in the Pressure Range 3.3—10 GPa.
In another experiment, acrylic acid was pressurized directly to
an initial pressure of 3.3 GPa followed by subsequent compres-
sion stepwise up to 10 GPa with selected Raman spectra as
shown in Figure 5. The Raman spectra at 3.3 GPa were found
to be similar to those obtained from the above compression cycle
shown in Figure 3 except that upon careful tuning of notch
filters, two additional modes were observed in the spectral region
of <200 cm™! and are most likely associated with lattice
vibrations. Similar to phase I, the 7(C—C) torsional mode in
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phase II continued to stiffen at an even faster rate (i.e., 20 cm™/
GPa) up to 8 GPa when it merged with the skeletal deformation
mode 6(C=C—C) which exhibited significantly less pressure
stiffening. The splittings for the 6(0O=C—0), Q(C—H), and
@(CH,) modes together with the emergence of the v(CO,); mode
were observed in the entire phase II region of 2.7—8 GPa
suggesting that there are at least two nonequivalent sets of
dimers or molecular clusters in the unit cell via pressure
modifications of the phase I structure from the original s-cis
molecular conformation. More interestingly, although almost
all of the Raman modes were found to stiffen monotonically
under pressure, the 0(CH,) bending mode (i.e., 1426 cm™' at
2.7 GPa) exhibited a conspicuously soft behavior (i.e., with a
negative dv/dP of —3.1 cm™!/GPa) in the entire phase II region.
A soft mode is typically indicative of a later phase transforma-
tion if the compression pressure is high enough.? In this case,
the softening of the 6(CH,) bending mode can be regarded
as the precursor to the later polymerization during which process
the central carbon atom undergoes a gradual transformation from
sp? to sp® hybridization. In-situ high-pressure X-ray or neutron
diffraction measurements would be helpful to monitor the
changes of bond lengths of acrylic acid as a function of
compression to justify the proposed mechanism.

Starting from 6 GPa, pressure-induced broadenings were
observed for most of the Raman bands especially in the lattice
modes as well as in the v(CH,),, v(C—H), and v(CH,),; modes
indicating the onset of a structural disorder, which is another
step closer to the final expected polymerization. At 8 GPa, a
threshold pressure which also labels the upper bound of phase
IT of acrylic acid, the Raman spectrum was characterized by
extreme band broadening and merging as well as by the
dominant depletion of almost all Raman modes of the acrylic
acid monomer. Concurrently, a new broad band characteristic
of a hydrocarbon-based polymer emerged at 3000 cm™'. These
prominent changes suggest that acrylic acid had undergone a
transformation to a polymeric phase.

C. Pressure-Induced Polymerization of Acrylic Acid. The
successive compression of acrylic acid from 8 to 10 GPa drives
the polymeric transition to near completion. At 10 GPa, the
Raman spectrum was characterized by weak bands in the
100—2000 cm™! region and by a broad band around 3000 cm ™
(Figure 5), completely lacking any characteristics of the acrylic
acid monomer, indicating that the polymeric phase was amor-
phous. To understand the transformation process and its
reversibility, we also collected Raman spectra on decompression
from 10 GPa to near ambient pressure with the selected spectra
shown in Figure 6. As can be seen, acrylic acid remained in
the polymeric phase on decompression at pressures above 2.3
GPa. Below 2.3 GPa, some additional bands in the C—H
stretching region (e.g., 3109, 3040, 2973, 1638, and 852 cm™!)
started to be recovered and were most clearly resolved when
the sample was completely quenched to ambient pressure.
Compared to the ambient-pressure Raman spectrum of acrylic
acid before compression, the recovered substance exhibited
similar Raman profiles with only minor differences in the CH,
stretching and in the lattice regions indicating a substantial
amount of recovered monomers and thus a partial reversibility
of the pressure-induced transformation. Moreover, the observa-
tion of the additional CH bands and the missing of one of the
C=C stretching modes (Figure 6) suggest that the retrieved
sample may have complex structures comprising oligomers
instead of initial pure monomers.

Polymerization of acrylic acid has been studied previously
under various synthetic conditions,'? and the effect of solvents
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Figure 5. Raman spectra of acrylic acid at selected pressures upon
compression in the pressure region of 3.3—10 GPa in the spectral region
of (a) 100—1300 cm™! and (b) 1400—3300 cm .

on the polymer products has also been reported.'>?! It was found
that the polymerization of acrylic acid in solutions of various
solvents produced three polymer fractions, that is, atactic,
syndiotactic, and gel. While the syndiotactic polymer crystallized
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Figure 6. Raman spectra of acrylic acid at selected pressures on
decompression in the spectral region of (a) 100—1300 cm™' and (b)
1400—3300 ¢cm L.

g
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readily, the atactic polymer did not. The gel-type polymer was
reported to have a highly entangled structure involving the
longest chain of the syndiotactic fraction which is linked by
numerous hydrogen bonds.!'? In our study, the pressure-quenched
acrylic acid was found to have the gel-like physical appearance.

To further understand the high-pressure structures of the
polymeric phase of acrylic acid, we recorded the Raman spectra
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g/mol in comparison with that of recovered acrylic acid by decompression from (c) 10 GPa and that of acrylic acid at (d) 10 GPa.

of two commercial poly(acrylic acids) with different average
molecular weights (M,), that is, ~1800 and ~450,000 g/mol,
for comparison. The Raman spectra of these polymers are shown
in Figure 7 together with those for acrylic acid collected at 10
GPa and upon pressure quenching. Earlier studies attempted to
infer the molecular weight and the concentration of poly(acrylic
acid) if in solution using the characteristic CH/CH, stretching
band. However, as shown in Figure 7, the position of this band
was found to be nearly the same (i.e., ~2938 cm™!) in
poly(acrylic acid) of both low and high M,’s indicating that the
peak position of CH/CH, band was not sensitive to changes in
the molecular weight in this range. Other noticeable differences
between the two commercial poly(acrylic acids) include the
observation of a broad band at ~1664 cm™! for the high M,
polymer and a few weak bands below 1000 cm™! (e.g., 503,
612, 824, 923 cm™!) for the polymer of M, = 1800 g/mol. The
Raman spectrum of acrylic acid at 10 GPa corresponding to
the polymeric phase did not match that of either commercial
polymers exactly but apparently exhibited combined spectro-
scopic activities. For instance, the bands observed at 493, 613,
823, and 902 cm™! agree with those for low M, reasonably well,
while the broad band at 1662 cm ™! matches that for a high M,
polymer. The CH/CH, stretching band at 3035 cm™! can be
regarded as a pressure-shifted band, the frequency of which
aligns with that of both polymers when quenched to ambient
pressure (Figure 7c). These observations suggest that the
polymeric phase likely contains a mixture of polymers with a
broader distribution of molecular weights than those of the two
commercial polymers examined.

However, the substructures of the pressure-induced polymeric
phase might be significantly different than those for both
commercial polymers. In addition to the prominent difference
in physical appearance (i.e., white solid powders for both
commercial polymers vs gel-like pressure-recovered materials),
the significant amount of recovered monomers/oligomers evi-
denced by the observation of the characteristic Raman bands
(Figure 7c) suggests that pressure-induced polymerization (or
oligomerization) was highly incomplete. Typically, polymeri-
zation reactions, either pressure-induced or catalyzed, are
irreversible. The partial reversibility of the pressure-induced
polymerization of acrylic acid observed in this study can be

interpreted as the result of strong compression-induced associa-
tion between the monomers and the polymers/oligomers via
hydrogen bonding rather than via polymer chain growth.
Although acrylic acid is a simple derivative of ethylene, the
drastically different pressure behaviors of the two monomers?
signified that hydrogen bonding can fundamentally alter the
reaction mechanism by “partitioning” the pressure effect from
the originally simple unsaturated bonds onto hydrogen bonds.

Finally, since earlier studies by Bini and co-workers have
established the important role of photon activation in the
pressure-induced polymerization of various monomers,>*~ 10 it
would be of interest to investigate the effect of excitation with
different photoenergies on the transition pressures as well as
on the nature of the retrieved polymer product of acrylic acid.
Furthermore, spectral features involving OH stretching often
provide valuable information on the O—H<++O hydrogen-
bonding interactions. However, the OH stretching mode in
acrylic acid was too weak to be observed in the Raman spectra,
whereas this mode is usually strong in the infrared absorption
spectra. Therefore, in-situ high-pressure infrared absorption
studies of this compound would provide further insight into the
understanding of polymerizations/oligomerizations and hydrogen-
bonding interactions under compression.

5. Conclusions

In summary, we investigated pressure-induced transformations
of acrylic acid in a diamond anvil cell up to 10 GPa by Raman
spectroscopy. Upon compression, a liquid-to-solid transforma-
tion was observed at 0.3 GPa and a solid-to-solid transition was
observed at ~2.7 GPa with the formation of two new high-
pressure crystalline phases, I and II. Phase I has a possibly
similar structure to a previously observed low-temperature phase
while phase II is a denser phase with strong intermolecular
interactions that led to polymerization or oligomerization. At
pressures above 8 GPa, acrylic acid was found to transform into
a disordered polymeric phase. On release of pressure to ambient,
the retrieved polymeric phase was found to contain a substantial
amount of acrylic acid monomers or oligomers. Comparative
Raman studies on commercial poly(acrylic acid) allowed for
the understanding of possible structures of the polymeric phase
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of acrylic acid and suggested that hydrogen bonding played a
significant role in the pressure-induced polymerization/oligo-
merization process.
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