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Abstract 

This article shows that pressure can be a low intensity route to the synthesis of 

polymethacrylic acid.  The exploration of perdeuterated methacrylic acid at high pressure 

using neutron diffraction reveals that methacrylic acid exhibits two polymorphic phase 

transformations at relatively low pressures.  The first is observed at 0.39 GPa where both 

phases were observed simultaneously and confirm our previous observations.  This transition 

is followed by a second transition at 1.3 GPa to a new polymorph that is characterised for the 

first time. On increasing pressure the diffraction pattern of phase III deteriorates significantly. 

On decompression phase III persists to 0.54 GPa before transformation to the ambient 

pressure phase.  There is significant loss of signal after decompression signifying that there 

has been a loss of material through polymerisation.  The orientation of the molecules in Phase 

III provides insight into the possible polymerisation reaction. 

Introduction 

High pressure has been successfully used by a number of groups to create polymers from 

monomeric species.  These solid-state reactions have employed pressure alone or laser 

irradiation under high pressure to achieve polymerisation.
1
  Polymorphism in these systems is 

critical to the outcome of these reactions as the proximity of reaction centres in the crystal 

structure (e.g. unsaturated bonds) will play a role in a) the ability of the polymerisation to 

occur and b) the architecture or tacticity of the resulting polymer backbone. Systems that 

have been investigated include ethylene
2
, benzene

3
, co-crystalline materials such as 

oxalamides and diiodobutadiyne
4-5

 and simple systems such as CO2.
6
 Further work has 



extended the investigation of high-pressure polymerisation to ring systems such as L,L-

lactide
7
 and carnosine.

8
 

In this article, we continue our structural studies into the behaviour of small molecule 

monomers by investigating the room-temperature behaviour of methacrylic acid (Scheme 1) 

at high pressure using neutron diffraction. Methacrylic acid is a methylated derivative of 

acrylic acid which we have previously studied.
9-10

  It is used as a precursor to methyl 

methacrylate which forms polymethylmethacrylate (PMMA), one of the most widely used 

thermoplastics in the world.  Our interest in methacrylic acid is to observe the effects that the 

addition of a methyl group close to the reactive moiety will have on the ability of the 

compound to polymerise under pressure especially as steric effects become more important as 

volume is reduced.
11

  We have previously investigated the structure of methacrylic acid-h6 

under low temperature and high pressure conditions where we observed two different crystal 

forms depending on the experimental conditions. Crystallisation of methacrylic acid via 

cooling below its melting point of 287 K yielded one polymorph (Phase I). A second form 

(Phase II) was isolated at high pressure (0.64 GPa with data collected at 1.5GPa) however 

some initial neutron diffraction experiments suggested that further phases of methacrylic acid 

existed that had not previously been isolated. Neutron diffraction is very useful for these 

types of systems as our previous study of acrylic acid revealed that X-ray radiation from the 

single crystal X-ray diffraction experiment may have started to cause the polymerisation; 

neutrons did not have the same effect in acrylic acid allowing for a truer reflection of 

structural changes occurring with respect to pressure as opposed to the probing radiation.
9-10

 

In fact, syndiotactic polymethacrylic acid was created by irradiating a methacrylic acid 

solution in 1-propanol with 10 Mrad of cobalt-60 γ-radiation therefore pressure may be an 

avenue to create polymers of monomeric complexes that are difficult to create by ambient 

pressure methods.
12

 Herein we present our work on the structural changes that occur in 

methacrylic acid with respect to pressure and the subsequent polymerisation. 

 

Scheme 1:  Numbering scheme for methacrylic acid-d6 



Experimental Section 

Neutron Diffraction measurements 

High-pressure neutron powder diffraction data were collected for methacrylic acid-d6 

using the PEARL diffractometer
13-14

 at the UK spallation neutron source, ISIS, located at 

the STFC Rutherford Appleton Laboratory. The procedures for the loading of the V3 

Paris-Edinburgh press
15

 in the neutron experiment follow those in our previous paper on 

acrylic acid-d4 and references therein.
10

  For this experiment zirconia-toughened alumina 

anvils were used.
16

 The sample was first mixed with ~20% 4:1 methanol-d4:ethanol-d6 

before being added dropwise using a glass capillary into a standard encapsulated null-

scattering Ti-Zr alloy gasket
17 

filled with loosely-packed ground silica wool, which was 

used to inhibit the formation of large crystallites, and calcium fluoride as a pressure 

marker.
18

 The methanol:ethanol mixture was used as a pressure-transmitting medium 

(PTM) to provide quasi-hydrostatic conditions during the compression. Two loadings 

were conducted on two separate visits to ISIS.  The Time-of-flight (TOF) neutron powder 

diffraction data were collected as per our previous work and analysed with Topas 

Academic using a Z-matrix model parameterised in terms of the intramolecular bond 

distances, angles and torsions and the molecular position and orientation.
19

 The starting 

models were derived from our previous X-ray diffraction study.
9
   The DFT-optimised 

structures (see below) were used to formulate restraints which were then applied to the 

Rietveld refinements as described in ref 
20

.   

 

Table 1:  Crystallographic information for the lowest and highest pressure Rietveld refinements for Phase 

I, Phase II and Phase III of methacrylic acid-d6.    

 

CIF ID 1 3 4 10 

Pressure (GPa) 0.124(6) 0.395(8) 0.395(8) 1.296(8) 

Chemical formula C4H6O2 C4H6O2 C4H6O2 C4H6O2 

Mr 86.06 86.06 86.06 86.06 

Radiation type Neutron Neutron Neutron Neutron 

Phase I I II II 

Cell setting, space 

group 

Monoclinic, P21/c Monoclinic, P21/c Monoclinic, P21/c Monoclinic, P21/c 

Temperature (K) 293 293 293 293 

a (Å) 3.8820(2) 3.7929(7) 3.9373(4) 3.7760(19) 

b (Å) 10.6085(16) 10.452(4) 13.704(2) 13.481(7) 

c (Å) 11.7661(17) 11.598(4) 8.6087(11) 8.352(5) 

β (°) 91.297(8) 89.93(3) 102.680(10) 101.43(4) 



Volume (Å
3
) 484.43(10) 459.8(3) 453.18(10) 416.7(4) 

D (g cm
-1

) 1.180 1.244 1.262 1.372 

Z 4 4 4 4 

Rwp 4.018 6.242 6.242 5.520 

CIF ID 12 19 1-SXD  

Pressure (GPa) 1.296(8) 3.891(12)   

Chemical formula C4H6O2 C4H6O2 C4H6O2  

Mr 86.06 86.06 86.06  

Radiation type Neutron Neutron X-ray, Mo-Kα  

Phase III III III  

Cell setting, space 

group 

Monoclinic, P21/n Monoclinic, P21/n Monoclinic, P21/n  

Temperature (K) 293 293 293  

a (Å) 3.6702(4) 3.4531(12) 3.6140 (7)  

b (Å) 16.498(3) 16.124(11) 16.420 (3)  

c (Å) 6.8167(10) 6.598(3) 6.773 (3)  

β (°) 89.84(4) 89.22(5) 90.36 (3)   

Volume (Å
3
) 412.77(11) 367.3(3) 401.91 (17)  

D (g cm
-1

) 1.385 1.557 1.423  

Z 4 4 4  

Rwp   5.520 7.168 R[F
2
 > 2σ(F

2
)], 

wR(F
2
), S  

0.055, 0.047, 1.16 

 

 

 

Periodic DFT calculations 

Geometry optimisations were performed by periodic Density Functional Theory 

(DFT) using the DMOL
3
 code

21
 as part of the Materials Studio modelling suite.

22
 The DNP 

numerical basis set
21

 was used in combination with the PBE functional
23

 with the 

Tkatchenko- Scheffler correction for dispersion.
24  

The unit cell dimensions were held fixed at 

the values obtained in Pawley refinements of the neutron powder diffraction data described 

above, and coordinates were allowed to optimise. Convergence was defined when the 

maximum changes in total energy, displacement and gradient were 10
-5

 Ha, 5 x 10
-3

 Å and 2 

x 10
-3

 Ha Å
-1

, respectively. Brillouin zone integrations were performed by Monkhorst-Pack
25

 

k-point sampling at intervals of 0.07 Å
-1

.  

Pixel calculations 

Using the optimised structures from the DFT calculations, the lattice energies and 

molecule-molecule interaction energies were calculated using Pixelc module in the CLP 

package by Gavezotti.
26-27

 Electron densities were calculated at the MP2/6-31G** level 

using Gaussian09.
28

 For these calculations the deuterium atoms were substituted by 

hydrogen and normalized in Mercury 3.3
29

 before submission to Pixel. Table ES2 



provides the total lattice energy as well as the breakdown of intermolecular interactions 

into Coulombic, electrostatic, dispersion and repulsion terms.  

 

Results & discussion 

The effect of pressure on methacrylic acid-d6 

One aspect of our previous work that was overlooked was the fact that the conformation 

of methacrylic acid changes whether it is crystallised at either low temperature or high 

pressure (same polymorph).  At low temperature the molecule exists in the trans 

configuration, with respect to the ethylene and carbonyl moieties. Whereas if the same 

polymorph is recrystallised by applying pressure the molecule adopts the cis 

conformation; this is clearly indicated from the C-C bond lengths. Badawi et al. studied 

the conformational changes in methacrylic acid and observed that at various levels of 

theory (B3LYP/6-311G**, MP2/6-311G**) the energy difference between the cis and 

trans conformers was, at most, ~3.5 kJ/mol.
30

 At both low temperature and under initial 

high-pressure conditions methacrylic acid-d6 crystallises in Phase I, a monoclinic P21/c 

with a stepped layered structure (viewed down the b-axis) where the molecules interact 

through a carboxylic acid dimer interaction (Figure 1). As anticipated Pixel calculations 

show that the dimer interaction is the most favourable at -60 kJ/mol with all components, 

coulombic, polarisation and dispersion contributing significantly to the favourable nature 

of the interaction. Note that the energies are calculated based on molecule-molecule 

interactions and not just the dimer interaction hence there are other contributing features.  

The next two interactions (Int. 2 and 3) are similar in energy but the contributions made 

from each energetic term differs slightly (Figure 2).  Interaction 2 is observed within a 

staggered layer where the methylene group is in close proximity to the carbonyl groups of 

the neighbouring dimer and the methyl group is situated close to the methylene group.  

This is reflected in the similar energetic contributions from the coulombic and dispersive 

terms. Interaction 3 is a ‘face-to-face’ interaction which leads to a large contribution from 

the dispersive term.  The molecules are stacked so that the carbonyl interactions are in a 

parallel arrangement and are observed outside the 3.6 Å used as a cut-off by Allen et al. 

in their work on carbonyl groups.
31

  The longer interaction length can be attributed to the 

increased bulk of the methyl groups. The distribution of carbon-carbon distances in the 

Cambridge Structural Database is found in Figure ES1.
31

 This ‘face-to-face’ interaction in 

Phase I is significantly different from acrylic acid where the carbonyl groups interacted 



through an anti-parallel arrangement.
10

  The last interaction (Int. 4) is to the hydrogen 

bonded molecule in the layer above. This molecule is sufficiently far away to show little 

repulsion but contributions in the form of coulombic and dispersive components, 

presumably due to the proximity of the hydrogen bonding groups, make this a favourable 

interaction. 

 

 

Figure 1:  A layer of molecules observed in Phase I methacrylic acid showing the hydrogen bonded dimer 

(top).  A view along the b-axis that shows the staggered layers of molecules (bottom).  Atom colors are 

assigned as Grey, carbon; Red, oxygen; and White, hydrogen. 

 

 

Figure 2: The most energetically favorable interactions in Form I of methacrylic acid with energies >5 

kJ/mol using the blue central molecule as a reference.  Atom colors are assigned as Grey, carbon; Red, 

oxygen; and White, hydrogen. 

 



On compression to 0.39 GPa the unit cell parameters of Phase I compress by 2.3%, 1.5% 

and 1.4% for the a-, b-, and c-axis, respectively, with the molecular volume reducing by 

5% (Figure 3 & 4). This is a similar compression observed for acrylic acid to 0.69 GPa 

(4.47%).
10

 At 0.39 GPa both Phase I and Phase II (identified from previous study at 0.64 

GPa) were refined against the data and showed that Phase II is 1.4 % more dense.  The I-

II phase transition was quite slow and had not completed by the time we increased the 

pressure on the system (2hrs 40 mins; Figure ES2)); Figure ES3 shows the Rietveld fits 

for both phases.  The intensity of the Phase I patterns suggests that it would have 

persisted for longer had we left it at this pressure but the kinetics of transformation were 

not a key outcome for the experiment.  As soon as pressure was increased to 0.53 GPa 

any reminence of Phase I had gone. Phase II is observed at ~0.2 GPa lower than our 

previous study.
9
  This can be accounted for by two factors i) the change in the ratio of 

PTM to acid used in this study.  Here we have used 20% PTM v/v as opposed to the 50% 

v/v used previously
9
 which has altered the pressure at which the methacrylic acid is 

precipitated out from solution; in this experiment it precipitated out at 0.12 GPa whereas 

this occurred at 0.64 GPa in our previous study and ii) the addition of the silica glass (for 

powder averaging) which provides nucleation points. 

  



 

Figure 3: The unit cell volume as a function of pressure. The different phases are indicated by black 

squares (Phase I), red circles (Phase II) and green triangles (Phase III) .  The hollow triangles are unit cell 

parameters from decompression experiment. The crosses are data points from a second experiment 

conducted at a different beamtime allocation and largely fit with the first experiment.  

 

Figure 4:  The diffraction patterns of methacrylic acid on increasing pressure.  The horizontal dotted lines 

are indicative of where the phase boundaries are from Phase I-II (0.27-0.39 GPa) and Phase II-III (1.00-

1.20 GPa).  

 



 Phase II is a distinctly more layered structure than Phase I with an overall corrugated 

arrangement of molecules (Figure 5).  The molecular conformation is approximately the 

same with an energy difference of 0.352 kJ/mol from the conformation in Phase I.  The 

spatial arrangement of molecules in the layer and between the layers sees a significant 

change from Phase I.  As anticipated the interaction between the molecules is through the 

carboxylic acid dimer which is observed to be the strongest intermolecular interaction 

(Int. 1; O1…O2 2.57(2) Å, -60 kJ/mol) but it is in the interaction between dimers that one 

observes a difference in the arrangement. In Phase I the interactions between the stacked 

layers in the plane is one of the more significant interactions (Int. 2, -9 kJ/mol) the similar 

interaction in Phase II (Int. 5 -6.2 kJ/mol) is rather less significant (Figure 6).  This can be 

attributed to the shift laterally of the neighbouring dimer so that the methyl and 

methylene are not interacting as much with the oxygen atoms of the neighbouring 

molecule. This is reflected in the major energetic component being the dispersive 

interaction. Interaction 3 and 4 in both phases are similar to one another where the central 

molecule interacts with molecule in the layer above (or below) in the same stack.  The 

separation between the least squares plane of the dimers is 3.51 Å in Phase I versus 3.36 

Å in Phase II but despite this the intermolecular energies are approximately similar.  The 

dimers in Phase I are positioned so that the methyl groups are on top of one another 

whereas in Phase II the dimers have slipped with respect to one another alleviating any 

steric issues and allowing a closer spacing between dimers. 



 

Figure 5:  A layer of molecules observed in Phase II methacrylic acid showing the hydrogen bonded dimer 

(top).  A view parallel to the corrugated layers (bottom).  Atom colors are assigned as Grey, carbon; Red, 

oxygen; and White, hydrogen. 

 



 

 

Figure 6:  The most energetically favorable interactions in Form II of methacrylic acid with energies >5 

kJ/mol. Due to the relative postions of the molecules the interactions have been isolated. Atom colors are 

assigned as Grey, carbon; Red, oxygen; and White, hydrogen 

 

The lattice parameters, a, b anc c, have decreased by 4.1 %, 1.6 %, 3%, respectively over 

0.9 GPa.  The arrangement of molecules into a layer parallel to the b-axis is the cause of 

the smaller compression along this direction.  The bulk modulus for Phase II was 

determined to be 7.6(3) GPa with a V0 value of 473.9(16) Å
3 

and K’ fixed at a value of 4 

using a 2
nd

-order Birch-Murnaghan equation of state (EOS) in EoSFITGui which is a 

similar value to that observed for Phase II of acrylic acid.
32

  Over the pressure range there 

is very little change with respect to intermolecular energies of each of the interactions 

before a further phase change occurs at 1.2 GPa to a phase that has not been observed 

before in our previous studies.  This is intriguing as the pressure is below that of the 

single crystal study of Phase II.  An explanation for this is that the barrier to conversion 

from Phase II to Phase III is too large so that once the crystal of Phase II was formed 

there was a significant kinetic barrier to conversion. This is corroborated by the fact that 

in our previous work there is no change in the Raman spectra, for either phase, with 



increasing pressure i.e. no I-II or II-III phase transitions were observed. We have 

observed this in other samples, e.g. glycolide, where powdered material converts to a new 

phase whilst the single crystal remains in the low pressure phase.
33

  

 Due to the sample environment and the lack of low angle reflections that are observed 

the indexing of Phase III proved troublesome. To elucidate the structure of Phase III the 

same solution was loaded into a DAC and compressed above 1.2 GPa to mimic the 

neutron experiment. The sample was then left to anneal at approximetely 323 K for two 

weeks. Over this time period a crystal of Phase III was grown that provided enough data 

that could be deconvoluted from the multiple crystallites to solve and refine the new 

structure.  The new phase fits the neutron data very well (Figure ES2).  The unit cell 

parameters are a =  3.6140(7), b = 16.420(3), c = 6.773(3) Å, β = 90.36(3)°, with a  

volume of 401.91(17) Å
3
.  Phase III is observed to be in monoclinic P21/n with one 

molecule in the asymmetric unit. This phase has a herring-bone motif with neighbouring 

dimers rather than the planar structures observed for the other two phases (Figure 7).  The 

familiar acid dimer has been retained as it is the most favourable interaction observed in 

the structure (-50 kJ/mol). The dimers are stacked parallel to the a-axis and the 

interaction between these dimers that shows two of the most significant interactions in 

this phase (Int. 2, -15 kJ/mol; and Int.5, -5 kJ/mol); Int.2 showing a greater coulombic 

element compared with the rather more dispersive interaction of Int. 5 (Figure 8). These 

two interactions are equivalent to Int. 3 and 4 in Phase I and II.  These dimers are 

displaced along the length of the interaction with respect to one another compared with 

Phase II where the dimers are offset diagonally from one another. Over the phase 

transition (1.31-1.42 GPa) the separation between the dimers (as calcuated using least-

squares plane of atoms) increases from 3.22 Å to 3.28 Å which can be accounted for by 

the close proximity of the methyl groups.  Interactions 3 and 4 are with neighbouring 

stacks along the b- and c-axis respectively.  In both of these interactions there is a large 

dispersion component as these interactions do not contain any hydrogen bonding.  

 On compression the diffraction pattern rapidly deteriorates which impacts on the quality 

of the Rietveld refinements of the structures (Figure 4).  All the data to 3.9 GPa were able 

to be refined using the Rietveld method but the last two datasets were not of sufficient 

quality to be refined and so the unit cell parameters are taken from the Pawley fit of the 

data.   The bulk modulus for this phase calculated using a 2
nd

-order Birch-Murnaghan 

EOS is 12.4(3) GPa with V0 of 450.2(11) Å³ and a K’ fixed to a value of 4,
32

 indicating 

that it is significantly less compressible than Phase II which is intuitive given the 



observation at higher pressure.     

 On increasing pressure only two of the interaction show a distinct increase in the 

energy, the acid dimer (Int. 1) and interaction 5 (above and below).  These two terms 

increase by approximately 10 kJ/mol over the course of the compression.  Using the 

geometry optimised values there is a 1.3% decrease in the hydrogen bond lengths from 

1.42-3.89 GPa (2.581 Å O1…O2 at 1.42 GPa c.f 2.523 Å  at 5.12 GPa).  Whilst there is 

an increase in the coulombic and polarisation terms (i.e. more favourable) these increases 

are negated by the substantial rise in the repulsion term as the molecules are compressed 

together.  Comparing these data with that of the Cambridge Structural Database for the 

distances between carbonyl carbon atoms across the dimer we see that the distances at 

5.12 GPa are at the lower end of the distribution (Figure ES3) which may account for the 

diffraction becoming worse due to increased repulsion.  Other significant changes in 

intermolecular energies is between the layers; there is a 7% reduction in the distance 

between dimers as indicated by Int. 2 & 5 (from 3.270 Å  at 1.43 GPa to 3.033 Å  at 5.12 

GPa).  At 5.12 GPa Int. 5 is the most unfavourable interaction with a final energy value of 

+7 kJ/mol where there has been a significant increases in the repulsive interaction. To 

offset this change Int. 2 is decreasing over the course of the compression due to the 

relatively small contribution of the repulsion term. The overall energy for the structure 

has increased from -63 kJ/mol to -40 kJ/mol which will be a contributing factor to the 

deterioration of the diffraction pattern. 



 

Figure 7: A layer of molecules observed in Phase III methacrylic acid showing the hydrogen bonded dimer 

(top).  A view parallel to the herringbone motif (bottom).  Atom colors are assigned as Grey, carbon; Red, 

oxygen; and White, hydrogen 

 

 

Figure 8:  The five most favourable interactions in Phase III.  Central molecule is colored blue but the 

other atoms are present in their own colors; Grey, carbon; Red, oxygen; and White, hydrogen. 



 

At 5.08 GPa the diffraction pattern had deteriorated and so the behaviour on 

decompression was explored.  The release of pressure is a little less controlled but a 

number of data points were collected and fitted using the Phase III unit cell parameters; 

these are designated by hollow green triangles in Figure 3.  On decompression Phase III 

persists to 0.54 GPa before converting directly to Phase I.  The Phase III pattern is 

dominated by two peaks at ~3 and ~3.4 Å with an undefined number of peaks between 

them.  Only on decompression did the pattern resolve itself so that a number of 

reflections could be observed between these two main peaks but even with these 

reflections visible indexing and solution of Phase III was impossible.  Phase III was only 

identified via single crystal X-ray diffraction methods (Figure ES4). Rietveld refinements 

of methacrylic acid-d6 after the compression was possible and showed that the proportion 

of the pattern attributeable to the methacrylic acid had decreased substantially compared 

with the patterns at the beginning of the experiment using the fluorite as the internal 

standard (64% to 17%). There was approximately 50% by weight of material that did not 

contribute to the diffraction pattern which we assume to be polymer. Previous work on 

methacrylic acid-h6 produced a polymer on decompression from ~8 GPa and so it is likely 

that this will have occurred in this sample too.
9
   

 

Raman measurements of polymer from methacrylic acid-h6 compression 

To equate this work with the literature analysis of the polymer produced from the –h6 

material Raman spectroscopy was performed.  A note worth mentioning at this point is 

that we have been able to polymerise methacrylic acid by the sole use of pressure; it 

occurs even if we pressurize without any irradiation (e.g. by laser, X-ray, neutron 

radiation etc.).  In previous literature by Koenig et al. they created polymethacrylic acid 

via 10 Mrads of radiation using cobalt-60 γ-radiation which means that pressure is a safer 

method of synthesis.
12

 The polymer shows a number of similar bands to those found in 

the literature as shown in Figure 9 with a few notable changes that correspond to free acid 

despite the polymer being left for a period of time and dried out. At 770 and 805 cm
-1 

there is a doublet of peaks where there is only one peak found in previous literature with 

the assignment attributed to the C1-C2 stretch.  The 805 cm
-1

 peak is at a typical range for 

the free methacrylic acid liquid. Both the ambient and high-pressure polymer have a 

distinct peak at ~1448 cm
-1

 which was assigned to the CH2 group but in addition the 

pressure-induced polymer has a second peak at 1406 cm
-1

 (CH2 deformation) which is 



very close to the peaks observed in the pure compound. Finally, the pressure-induced 

polymer shows a strong stretch at ~1650cm
-1

 which is absent in the ambient produced 

polymer.  This region has is a broad low level stretch that was assigned to the hydrogen 

bonded carboxylic acid.  Whilst the pressure-induced sample does show shoulders that 

may be equivalent this region is dominated by the ~1650 cm
-1

 stretch which was assigned 

by Badawi et al. to the C=C stretch or CH2 bend from the pure unreacted molecule.
30

  

There are two potential reasons for the appearance of these sharper peaks: i) the polymer 

itself is of low molecular weight and therefore has a number of free methylene groups 

that contribute to these vibration; or ii) that there may be some residual acid encapsulated 

within the polymer.  We suspect due to the sharpness and wavenumber of the peaks that 

there must be some residual liquid encapsulated in the polymer.  From the spectroscopic 

analysis there does not seem to be much difference between our polymer and the 

syndiotactic polymethacrylic acid observed by Koenig et al.
12

 The most probable route of 

polymerisation is via Interaction 5.  The spatial arrangement of the molecules aligns the 

‘head’ of the ethylene moeity with the ‘tail’ of the nearest neighbour at a value of ~3.2 Å; 

this distance being cited as a viable distance for solid-state polymeristaion.
4-5, 10

  The 

significant increase in the repulsive term over the course of the compression indicating 

the instability of the molecular interaction.  If this is the route then there must be a 

molecular rearrangement through bond rotation to arrive at the syndiotactic arrangement.  

 

 



 

 

Figure 9:  A selected portion of the Raman spectra for the pressure synthesised polymer (PMAA, above) 

and pure methacrylic acid (MA, bottom).  

 

Conclusions 

We have confirmed that the methacrylic acid-d6 undergoes two polymorphic transitions at 

0.39 and 1.20 GPa.  The first of these transitions is between two known phases but the second 

transition is to a new polymorphic form that has been characterised as part of this study. 

Diffraction from Phase III deteriorates rapidly but can still be refined as a molecular form.  

Phase III persists on decompression to 0.54 GPa before transforming to Phase I.  The 

proportion of crystalline methacrylic acid as decreased substantially from 64 wt% to 17 wt% 

with approximately 50% weight that is not giving rise to diffraction; we believe this to be the 

polymer product. Pressure has been shown to be a novel route to the production of polymers 

where other routes have used significant doses of γ-radiation. 
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