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ABSTRACT: The synthesis and structural characterization of poly(trimethylene-1,1-
dicarboxylic acid), (CH,-CH,-C(COOH),),, a carbon-chain polymer bearing two carboxylic acids
on every third carbon alongside the backbone is described for the first time. Solid-state
properties are investigated by a variety of techniques (WAXS, FT-IR, CP-MAS, TGA), in
particular with respect to the semi-crystalline character of the polymer and its affinity toward
water. The observed experimental features are rationalized on the basis of the ability for the
macromolecular chains to associate via the pendant carboxylic acids, and of the high global

symmetry obtained for this polyacid through the geminal placement of the side substituents.
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INTRODUCTION

Obtaining polymers with a strong predisposition to crystallize usually requires that a high
symmetry be introduced into the chain structure. This constraint is exhibited by atactic
polymers, such as polystyrene or polypropylene, which typically have difficulties in crystallizing
while their tactic equivalents do not. Functional groups and their ability to interact in the crystal
lattice is also of major help in the crystallization process. Since the seminal experimental work
by Carothers and its team at the DuPont company in the early 1930’s, it is well-known that
increasing the tendency for polymer chains to interact with each other enhance dramatically the
system's ability to crystallize and greatly raise the obtained melting points."” For example,
aliphatic polyamides (nylons) have a much higher inclination to crystallize than their polyester
analogs, the melting points in this case increasing with the density of the secondary carboxamide
-(C=0)-NH- groups located in the backbone at regular intervals.

It is widely accepted that the above general principles hold true for most — if not all — polymer
structures, and they are indeed very valuable when designing new crystalline polymers with
tailor-made properties. Yet, among the many possible self-associating building blocks that could
be envisioned in order to obtain high levels of complementarity and strongly attractive
interactions between adjacent chains in the crystal lattice, one obvious moiety — carboxylic acid
— has currently not attracted much attention. Like carboxamides though, carboxylic acids are
both hydrogen donors and acceptors in hydrogen bonding processes (Scheme 1). As a result,
they are capable of interacting with each other to yield either cyclic dimers such as A or
oligomeric structures B. In organic crystals, one usually finds the dimeric structure for
carboxylic acids, while both types of structure typically co-exist in solution.”® The strength of the

hydrogen bonds depends upon several factors such as the local polarity and the relative difficulty



in reaching optimal geometries. In non-polar solvents such as carbon tetrachloride, the
dimerization binding constant to A-type structures is slightly higher for aliphatic carboxylic acids
vs. the corresponding aliphatic carboxamides, although the formation of B-type oligomers is

slightly favored for the carboxamides."

dimer A oligomers B
Scheme 1. Self-association processes and structures obtained for hydrogen-bonding units such

as secondary amides or carboxylic acids.

Contrary to secondary carboxamides whose location is usually in the polymer backbone,
carboxylic acids can obviously only be introduced in the polymer structure as side substituents.
The most common occurrence is in poly(meth)acrylic acids where the acid groups are located on
every second carbon of the backbone chain, but polyacids based on other repeat units have been
described as well such as poly(maleic acid), polyitaconic acid or other a-substituted polyacrylic
acids to name just a few."" Despite the already large number of investigated polyacid structures,
to the best of our knowledge, only one report dealing with isotactic polyacrylic acid has currently
demonstrated that a semi-crystalline polymer can be obtained.”” This small occurrence results

likely from the fact that most polyacids described so far have their carboxyl function located at a



pseudochiral position along the chain and are therefore capable of generating a tacticity. Yet they
have mainly been obtained and characterized in their atactic form, i.e. in a geometry that impedes
the crystallization process. As a result, one obvious way to increase the number of semi-
crystalline acid-based polymers would thus be to design synthetic routes to tactic equivalents of
the already described atactic polyacids.

Another possible approach would be to eliminate the tacticity issue from the very outset, and
target polymeric structures displaying a plane of symmetry along the chain. This second method
that leads to polymers with no tacticity was privileged in the work described in this contribution,
taking advantage of our previous success in obtaining poly(dialkyl trimethylene-1,1-
dicarboxylate) polymers (CH,-CH,-C(COOR),),, a fully symmetrical polymer having two ester
groups on every third carbon alongside a polymethylene chain.”'” We recently described its
hydrolysis to various inorganic salt that exhibited unusual solution properties such as the full
insolubility of the sodium salt."®" In this contribution are described and discussed the properties
of the corresponding (CH,-CH,-C(COOH),), polyacid, as well as an improved procedure to

obtain it. The full synthetic approach is summarized in Scheme 2.
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Scheme 2. Structure of poly(trimethylene-1,1-dicarboxylic acid) (PTD) and synthetic scheme
used to obtain it: (a) three-step procedure based on the living ring-opening polymerization of di-
n-propyl cyclopropane-1,l-dicarboxylate, basic hydrolysis of the pendant esters, and re-
acidification; (b) full structure of the obtained polymer, including the end-groups (in bold)

resulting from the controlled initiation and termination steps.

EXPERIMENTAL SECTION

Materials. Monomer 1 (di-n-propyl cyclopropane-1,l-dicarboxylate) and poly(di-n-propyl
trimethylene-1,1-dicarboxylate) 2 were synthesized according to previously described
methods.”" Lithium hydroxide monohydrate (98%, Aldrich), 1,4-dioxane (99%, Carlo Erba),
THF (99%, stabilized with BHT, Carlo Erba), chloroform (99%, VWR), acetone (99%, Aldrich),
DMF (99%, Aldrich), DMSO (99.5%, VWR), ethanol (96%, Aldrich), methanol (technical

grade, Aldrich), isopropanol (pure, Aldrich), formamide (99%, Aldrich), N-methyl formamide



(99%, Aldrich) and N-methyl pyrrolidone (99.5%, Aldrich) were used as received. The proton-
exchange resin Amberlite® IR 120 hydrogen form (Aldrich) was regenerated prior to use (see
below).

Instrumentation. Solutions of polymers were freeze-dried on a CHRIST ALPHA 1-2 LD
plus lyophilizer. Thermal degradations were investigated using a Setaram Setsys Evolution 16
instrument (TGA) or a Setaram Labsys™ Evo instrument (argon, 1.6 bar). The single DSC
(Differential Scanning Calorimetry) measurement was carried out using a Diamond DSC
(Perkin-Elmer) calibrated with indium standards (nitrogen purge at 20 mL.min™").

FT-IR spectra were recorded on a TENSOR 27 Bruker spectrometer equipped with an ATR
Digi Tect DLATGS detector (32 scans, 4 cm™ resolution) in the 500-4,000 cm™ range. 'H and
C NMR spectra were recorded on a Bruker Avance II spectrometer operating at resonance
frequencies of 400 and 100 MHz, respectively. Spectra were referenced based on the NMR
solvent chemical shift(s). “C CP-MAS (Cross Polarization-Magic Angle Spinning) solid-state
NMR measurements were conducted at room temperature on a Bruker Advance III 400 NMR
equipped with a MAS solid-state probe and a MAS II module. Chemical shift referencing was
performed using adamantane. The Igor Pro 6.37 software (WaveMetrics, Inc., Portland, Oregon)
was used for “C solid-state spectra peak deconvolution. A combination of Lorentzian and
Gaussian fits was applied on narrow and large peaks, respectively, which ensured a correct
mathematical fit of the spectra. Samples were introduced in ZrO, 4-mm rotors, and spun at 6 kHz
at room temperature, recording 13k scans per sample. X-ray diffraction patterns were collected
with a Panalytical X Pert Pro diffractometer equipped with an X’celerator rapid detector, using a
cobalt radiation source. Polarized light microscopy images were obtained at room temperature

on an Olympus BX-50 microscope.



Size Exclusion Chromatography (SEC) experiments were performed in chloroform (1.0
mL.min") at room temperature, using a Spectra Physics P100 pump, and two PLgel Polymer
Laboratories linear columns (5 wm Mix-C, separation range: 200 to 2 x 10°. A Wyatt
Technology Optilab Rex interferometric refractometer (690 nm laser) and a Wyatt Technology
Minidawn light scattering photometer (three-angle detection, 20 mW semiconductor laser (690
nm)) were used as detectors.

Dynamic Light Scattering (DLS) measurements were obtained at a 173° angle with a Nano-ZS
Zetasizer from the Malvern company, equipped with a 4 mW He-Ne laser at 633 nm.
Measurements were obtained in triplicate (each measurement was the average of fifteen 10 s
runs). Obtained data were analyzed using Malvern Zetasizer Series Software version 7.11.

Sample Preparation. The hydrated polymers were dried using a Biichi glass oven B-585
under moderate vacuum (~ 30 mbar) at 50°C. Attempts to obtain thin polymer films on a glass
slide were based on a Chemat Technology spin coater KW-4A, using a solution of polymer in
formamide (2.0 g.L'"), or on a multiple evaporation process of aqueous polymer solutions using a
procedure described for isotactic polyacrylic acid."

Synthesis of Poly(trimethylene-1,1-dicarboxylate) Lithium Salt. In a typical experiment,
2.000 g (18.7mmol ester) of poly(di-n-propyl trimethylene-1,1-dicarboxylate) 2 is dissolved in
100 mL of 1,4-dioxane in a round bottom glass under magnetic stirring. A solution of 2.120 g of
LiOH.H,0 in 20 mL of distilled water is then added to the reaction medium (leading to a white
trouble in the solution). The mixture is heated at reflux overnight. The solvents are evaporated,
and the resulting white solid dissolved in 25 mL of distilled water and precipitated in methanol.
The obtained solid is dried under vacuum at 60°C, yielding 1.305 g (18.4 mmol carboxylate) of a

white powder (quantitative yield).



Preparation of the Acidic Ion-Exchange Resin. 20.0 mL (2 equivalents per carboxylate
group; 1.8 eq.L"") of Amberlite IR120 in its hydrogen form were added to an aqueous solution of
HCI (60.0 mL, 1.95 mol.L"), stirred at room temperature for half an hour, and filtrated. The
obtained resin was washed with distilled water until a neutral pH was obtained.

Synthesis of Poly(trimethylene-1,1-dicarboxylic acid) PTD. The above hydrated resin was
added to a solution of 1.305 g (18.4 mmol carboxylate) of the polyelectrolyte salt in 50 mL of
water, stirred for 2 hours at room temperature, and filtrated. The resin was washed twice with 10
mL of water to remove any adsorbed polymer. The obtained aqueous solution was then freeze-
dried, yielding 1.180 g of a white powder (quantitative yield).

Direct Acid Hydrolysis. Solid poly(di-n-propyl trimethylene-1,1-dicarboxylate) 2 (1.5 g,
1.4x10™ mol equivalents) is introduced in a round-bottom flask, and concentrated sulfuric acid
(96%, 15.0 mL, 30 mol equivalents) is added dropwise to the polymer. Once the addition is
complete, the solution is maintained at 45°C for 24 hours. The solution turns progressively
brown, then dark red. The medium is diluted with 100 mL water, then dialyzed against water for
2 days. The recovered solution is freeze-dried, 350 mg of a brownish powder being recovered
(yield : 38%).

Water Vapor Sorption Studies. Water uptake of solid polyacid samples were measured
gravimetrically at fixed relative humidities and temperatures using a home-built controlled
humidity chamber inspired from the literature.””*' It was made from a small commercial
borosilicate glass dessicator with a closely attached lid (see Scheme 3), on whose bottom a small
cylindrical vessel (A) containing a saturated aqueous solution of a specific inorganic salt was
positioned. An excess of inorganic salt was added to the saturated solution to ensure that

saturation is maintained in the whole range of investigated temperatures. The sample was



carefully weighted in a plastic weighting dish (B) whose diameter was selected in order to be
lower than the diameter of the upper section of the desiccator and larger than the diameter of the
lower section. Those dimensions allow the investigator to carefully place the dish and its solid
content just above the saturated solution in a stable position. In order to facilitate the transfer of
the weighting dish in and out of the desiccator and to the analytical balance, two small holes
were drilled on opposite sides of the plastic dish, and a curved copper wire was attached to act as
a handle. The desiccator was immerged in a thermostated water bath (Julabo ME F5) and
covered on its top with an isothermal vermiculite cover. K,SO,, KBr, NaCl and Mg(NO,), salts
were used to generate fixed relative humidities using the equilibrium data compiled by the
National Bureau of Standards.””> Weighting measurements were carried out with an analytical
balance until a constant weight was obtained. Special care was exercised when water uptake
values were found to be very sensitive to the temperature or relative humidity as small variations
in the immersion depth of the humidity chamber in the bath or inefficient placement of the

isothermal cover could result in systematic errors.

immersion depth

Scheme 3. Schematic drawing of the homemade water sorption cell used in this study (A:
saturated aqueous solution of an inorganic salt specifically selected to generate a controlled

relative humidity, B: polyacid sample in a plastic weighting dish).



RESULTS AND DISCUSSION

PTD Synthesis and Structural Analysis. The lithium salt of PTD, (CH,—~CH,—-C(COOLI1),),,
had been previously obtained by hydrolyzing poly(di-n-propyl trimethylene-1,1-dicarboxylate) 2
with lithium hydroxide in a mixture of water and dioxane at reflux (see Scheme 2)."® In order to
optimize this reaction, it was monitored in situ by IR spectroscopy, using an ATR diamond
immersion probe and focusing on three signals: the C=0 vibration band for the ester at 1721 cm’
', a very strong band progressively appearing at 1566 cm™, and the C-O vibration of the esters at
1197 cm™ (Figure 1a and Figure S1 in the Supporting Information). The signal at 1721 cm™ was
partly obscured by the water vibration band present at 1643 cm™, but the overall trend for this
band intensity (after subtraction of the initial spectrum) was identical to those for the two other
bands, suggesting the subtraction of the strong water band was efficient enough for a quantitative
analysis to be performed. Yet, the much stronger band at 1566 cm™, which was assigned to the
very strong and characteristic asymmetric stretching of the expected COO™ group,” was found to

be much easier to use as a quantitative marker of the reaction course (see Figure 1b).
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Figure 1. (a) 3-D IR plot (wavenumber and signal intensity vs. time) in the 1150-1250 c¢cm’
range for the monitoring of poly(di-n-propyl trimethylene-1,1-dicarboxylate) 2 hydrolysis with

LiOH in a water/dioxane mixture (0.435 g of 2 and 0.500 g of LiOH.H,O in 20.0 mL of dioxane

and 5.0 mL of water at reflux); (b) Evolution of three signals at 1721 (green line, ---*), 1566 (red
line, —) and 1197 (blue line, — — —) cm™, respectively (the starting time coincides with the
introduction of the lithium hydroxide aqueous solution in the 2/water/dioxane mixture while the
arrow indicates that the heterogeneity introduced in the clear solution when adding the hydroxide
has mostly disappeared). The signal intensity was modified by subtracting the initial spectrum

recorded 2 minutes after the starting time.

For an initial period of about 20 minutes (whose end is marked by an arrow on Figure 1b), no
IR signal evolution could be monitored. This step corresponds roughly to the visual appearance
of a cloudiness in the solution mixture that started when the basic water solution, a non-solvent
of 2, was added to the initially clear polymer solution. It is hypothesized that some solid particles
start adhering to the probe at this point, preventing further monitoring of events in the

suspension. This conjecture is supported by the fact that a normal observation of the IR bands
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and their evolution over time resumed right after a clarification of the solution was observed, i.e.
after roughly 20 minutes. We submit that partly hydrolyzed polymers that had accumulated at
this stage, containing both unreacted ester groups and carboxylate anion moieties, started acting
as a surfactant and helped in solubilizing unreacted 2. Whatever the final explanation for this
observation, IR proved to be an excellent tool to oversee the final stage of the reaction, with a
plateau clearly observed for all three monitored signals after 2.5 h.

Acidification of the recovered lithium polyelectrolyte was obtained by simply adding beads of
a strong-acid (SO;H) resin to a solution of the polymer, filtering the beads, and freeze-drying the
supernatant. The obtained yield was quantitative. The above procedure was successfully tested
on precursor polymers 2 of degrees of polymerization up to 200, with no influence on the yield
nor on the structure of the obtained polyacid.

2 could also be hydrolyzed under acidic conditions, by heating a solution (0.1 g.mL™) in
concentrated 96% sulfuric acid at 45°C for 24 h. The 'H NMR spectrum of the recovered
polymer was identical to that of the polymer obtained under basic hydrolysis (see below),
although the yield was lower (38% vs. 100%) due to the difficulties experienced when
lyophilizing the solution. In addition, the polymer was slightly brownish in color and not white.

Structural characterization of the polyacid was achieved by NMR and FT-IR spectroscopies, as
well as by TGA (for determining the amount of bound water). "C NMR required long
accumulation time due to the low solubility of PTD in classical NMR solvents such as water or
DMSO (see below). Three signals can be observed in D,O at 26.4, 56.9 and 174.8 ppm (acetone
insert, using the CH; signal at 29.8 ppm for calibration), the 26.4 ppm peak being a little broader
than the two other ones (Figure S2 in the Supporting Information). They could be assigned to

the CH,, C(COO), and COO fragments, respectively.
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The much higher sensitivity of '"H NMR compared to "C NMR allows for the detection of
signals arising from chemical functionalities present in the polymer at a much lower
concentration than those located in the main chain (i.e., end groups and structural defects).
Samples of 2 used in this study had indeed been obtained by polymerizing di-n-propyl
cyclopropane-1,1-dicarboxylate according to the XH-Bu'P, method,"” using thiophenol as the co-
initiator and aqueous HCI as the terminating agent. This published technique yields polymers of
very narrow molecular weight distributions and controlled degrees of polymerization, bearing
specific X- end-groups at one end, here a thiophenyl moiety, and a proton at the other end due to

the use of HCI as the terminating agent."”

The structure for both expected end-groups is
schematically provided in Scheme 2b. As the hydrolysis reaction is not expected to affect the
structure of the polymer backbone, the same end-groups as the ones initially present on 2 should
be observable. The '"H NMR spectrum of a sample of 2 in D,O confirms this hypothesis. As can
be seen in Figure 2, a large peak corresponding to the magnetically identical CH, protons present
in the backbone can be observed at 1.5 ppm. In addition, small signals can also be seen in
between 7.15 and 7.40 ppm (A), as well as at 2.97 (B), 2.79 (C) and 2.03 (D) ppm. The first set
of signals (A) is clearly associated to the aromatic protons of the phenylthio end-group. The
same intensity ratio of 2:2:1 along with the same peak pattern can also be found in a model
molecule such as phenylthioethane, corresponding to the meta, ortho and para protons,
respectively.** If an integration level of 5 is used for A (due to five aromatic protons), the number
of protons for B, C and D can be rounded up to 1, 2 and 3, respectively, although an accurate
value for D is difficult to obtain due to a non-flat baseline in its vicinity, meaning that a lower

value of 2 could also be envisioned. The triplet for B can be assigned to the malonic proton —

CH(COOH),, and the broad C peak to the PhS—CH,-CH, protons. A direct assignment for D is
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not straightforward, but a COSY NMR experiment (Figure S3 in the Supporting Information)
unambiguously indicates that it originates from the PhS—CH,-CH, protons. It should be noted
that the average degree of polymerization can be directly obtained from a comparison between
the integration for the A, B, C or D peaks with the large main signal at 1.5 ppm. A value of 50
can be measured for the sample whose spectrum is depicted in Figure 2, in perfect agreement
with the degree of polymerization obtained by SEC-MALLS for the polymeric ester precursor 2.
This finding and the absence of other small signals in the spectrum corroborate the efficiency
and cleanliness of the hydrolysis reaction, as no side reactions do appear to affect the polymer
backbone, nor the side groups. Unfortunately, the low solubility of PTD in water made any
aqueous SEC characterization impossible, while a SEC analysis in formamide was technically

impossible in our laboratory.
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Figure 2. '"H NMR spectrum of PTD in D,O (spectrum calibrated by using the HOD signal at

4.7 ppm).
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A typical TGA thermogram under argon is provided in Figure 3 for a sample recovered
directly from the freeze-drying of a polyacid solution in water. A putative assignment of the
consecutive degradation steps is also provided on the thermogram. A first weight loss in the 90-
130°C range is associated to the amount of free or bound water present in the polymer. This
experimental approach was used during the investigation of samples submitted to several wetting
processes (see below) to check their water content. A complete analysis of the thermal
decomposition of PTD (kinetics, structure of the products...) will be provided in two upcoming

papers.
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Figure 3. TGA thermogram of a PTD sample directly recovered from the freeze-drying flask

(argon, heating rate of 10 K.min™).

Solubility of PTD in Water and Organic Solvents. The samples of 2 investigated in this
study (and all subsequent physicochemical investigations in this contribution) had a degree of

polymerization of 50 and a very narrow distribution of molecular weights (<1.10). In water,
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their solubility — as determined by the filtration of a saturated solution maintained at 25°C for 4
days to reach equilibrium, lyophilization of the filtrate and weighting of the residue — was of 0.8
wt-% (duplicate measurements). As a comparison, aqueous solutions of up to 63 wt-%
polyacrylic acid can be commercially purchased, indicating that PTD is less soluble by almost
two orders of magnitude.

The water sample recovered after filtration at 25°C was turbid, and remained turbid even after
filtration over a cellulose membrane of 0.20 um pore size. A dynamic light scattering (DLS)
experiment indicated that particles were indeed present in the solution, but their size distribution
was too broad and polymodal to release a reliable estimate of the average size. The raw
autocorrelation data are provided in the Supporting Information (Figure S4). Heating the
suspension at 70°C led to a disappearance of the DLS signal and a clarification of the solution to
the naked eye. A return of the temperature back to 25°C did not induce a precipitation, even
after 4-5 weeks. The above results suggest that conditions can be obtained to self-assemble 2 in
water solution, leading to aggregates, a feature that had always been observed for some polyacids
such as tactic poly(methacrylic acids).” It is also reminiscent of the behavior observed for
biopolymers such as alginic acid whose crystalline blocks, when present, induce the formation of
gels at low pH via crystallization-driven self-assembly .****

Solubility in organic solvents (Tables 1 and 2) is also very low. PTD samples solubilize
slightly in highly polar solvents such as DMF or DMSO at room temperature, and are not soluble
at all in THF or in methanol. In sharp contrast again, polyacrylic acid is reasonably soluble in
methanol, ethanol, THF, DMF or DMSO. Attempts to modify the temperature did not genuinely

affect the results. A progressive clarification of the starting PTD-solvent suspension could be

visualized above 100°C in solvents such as N-methyl-2-pyrrolidone, DMSO, DMF and water,
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but it originates mostly — if not completely — from the induced thermal decarboxylation of the
polymer under these conditions. This decarboxylation reaction is currently under further study in
our group.

The only two good solvents that led to room temperature solubilization were formamide and
N-methyl formamide. As little data is available in the literature on polymer solutions made from
these polar but unusual solvents, it is not clear whether the observed much better solubility of
PTD in these liquids with respect to water apply to other polymers as well. The only solvent-
related physicochemical parameter we could identify that correlates qualitatively with the ability
for the solvent to dissolve the polymer was the dielectric constant. This trend can be visualized
in Table 1 where one can see that the dielectric constants of non-solvents are roughly lower than
25-30, those for the only two good solvents (formamide and N-methyl formamide) are higher
than 100, with the intermediate solvents included between 30 and 80. It must be noted that the
dielectric constant is the only parameter that predicts a higher solvation power for formamide
and N-methyl formamide than for water. All other empirical solvent polarity scales for which
polarity single parameters have been determined for both formamide and water (i.e., Reichardt
E,", Grunwald-Winstein’s Y, Berson £2, Kosower Z, Browstein S, Dubois-Goetz-Bienveniie @,

and Dimroth-Reichardt E,(30)), always include water at the top.”
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Table 1. Solubility of PTD in several traditional solvents, arranged from top to bottom as a
function of their polarity*

solvent solvent dielectric solubility at influence of the
constant” room temperature* temperature®
1 4-dioxane 2.21 - - (up to 101°C)
chloroform 4.89 - - (up to 61°C)
acetic acid 6.17 (20°C) - - (up to 118°C)
THF 7.58 - - (up to 66°C)
pyridine 12.91 - - (up to 115°C)
isopropanol 19.92 - - (up to 82°C)
acetone 20.56 - - (up to 56°C)
ethanol 24 .55 - - (up to 78°C)
N-methyl-2-pyrrolidone 32.20 +/- ambiguous®
methanol 32.66 - not determined
DMF 36.71 +/- ambiguous®
DMSO 46 .45 +/- ambiguous®
water 78.36 +/- (0.8 wt-%) ambiguous®
formamide 109.50 + not determined
N-methyl formamide 182.40 + not determined

a

as evaluated according to the dielectric constant (relative permittivity) of the neat liquid
solvent at 25°C, unless indicated (see text); ° literature values”; ¢ for a polymer initial
concentration of 10 gL', the following observations could be made after 2 hours: + clear
solution, +/- suspension, - precipitation; ¢ a test tube containing the initial solution/suspension
was plunded in a water bath whose temperature wad rapidly raised from room temperature to the
boiling point of the solvent; € at these temperatures, decarboxylation can possibly occur.

Formamide and N-methyl formamide are not very convenient solvents for further modification
reactions as most organic reagents are not soluble in them. Attempts to identify solvent mixtures
based on formamide that would be more “lipophilic”” are summarized in Table 2. The amount of
formamide required to solubilize PTD suspensions in water, DMSO, pyridine and dioxane,
respectively, is indicated, with a total failure observed for the dioxane suspension. It is
interesting to note that, for the two full non-solvents (pyridine and dioxane), pyridine with a
dielectric constant of about 13 only required 43 wt-% of formamide while dioxane with a lower
dielectric constant of about 2 could not be turned into an acceptable PTD co-solvent by adding

formamide.
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Table 2. Co-solvent composition that fully clarify the suspension when adding dropwise neat
formamide to suspensions of PTD in several non-solvents at 20°C*

non-solvent non-solvent dielectric composition of the solvent mixture
constant’ required to observe full solubilization
(wt-%in formamide)
water 78.36 70
DMSO 46.45 34
pyridine 1291 43
1.,4-dioxane 2.21 100°¢

* progressive addition of formamide on a suspension of 10 mg of polymer in 1.0 g of non-
solvent; solubilization is checked 30 s after addition until full clarification has occurred; °
literature values™; ¢ no solvent/non-solvent composition could be identified even after heating a
70 wt-% solution at 85°C.

Solid-State Properties. PTD is a white solid that can be easily manipulated. Under mild
experimental conditions (room temperature up to 30°C, relative humidity lower than 50%), any
weight increase due to atmospheric water adsorption is slow, allowing sample weighting to be
performed accurately without any special precautions.

Powder X-ray experiments (WAXS) performed on a lyophilized sample that contained 5 wt-%
of water (according to TGA) indicated that the polymer is significantly crystalline (Figure 4).
Well-defined diffraction peaks can be observed whose assignment has not been possible yet due
to the lack of orientation. Attempts to obtain oriented semi-crystalline samples from aqueous
solutions in order to acquire data on the local polymer structure in the crystal lattice have been
unsuccessful thus far. Further efforts are still in progress, in combination with simulations using
as precursor the diethyl ester polymer whose crystal structure is known.”

Films obtained by slow evaporation of either a saturated water solution or a 20 g.L
formamide solution on a glass slide led to cracked films that were examined under a polarized
light microscope (Figures S5-S7 in the Supporting Information). As expected from optically

anisotropic crystalline materials, significant amounts of the solid exhibited birefringence.
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No specific melting peaks could be identified on DSC thermograms obtained by heating a PTD
sample from room temperature to the decomposition temperature of 110°C, suggesting that that
the irreversible decomposition observed on the TGA occurs before the melting temperature has
been be reached.

It must be noted that, to the best of our knowledge, only one carbon-chain polyacid, i.e.
isotactic polymethacrylic acid, has ever been described to crystallize.”> We speculate that the
inclination for PTD to easily crystallize originates from its high internal symmetry (i.e., full
plane of symmetry with respect to the polymer backbone). The propensity of PTD to crystallize,
which had already been observed for the ester precursors,” is most probably the reason why low

solubilities were observed for this polyacid (see above).

d(A)
10.27 516 346 262 212 179 156 1.39

20000
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0 — 7T T T T T 1 T T T T T 1T T 1

0 10 20 30 40 5 60 70 80
2 theta (°)

Figure 4. WAXS diffractogram of a PTD sample obtained after lyophilization of an aqueous
polyacid solution (caution: the 20 diffraction angles refer to a cobalt irradiation source; in order
to facilitate possible comparisons with more traditional experiments using copper irradiation
sources, interplanar distances d calculated from the Bragg equation for n = 1 are provided on the

upper x axis for selected 20 values).
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Solid-state C NMR measurements were carried out so as to investigate in further details the
structural and morphological organization of PTD. Figure 5 shows the obtained CP-MAS "C
spectrum, with the straightforward assignment of peaks highlighted on the figure. More attention
was paid to peak 1, which corresponds to the —-COOH functional groups, as it is made of three
separate peaks (see Figure 6). As described independently by Fortier-McGill and Asano for
polymethacrylic acid (PMAA),'* the presence of multiple peaks for the carbonyl in carboxylic

acid-containing polymers establishes the presence of local structural ordering.

200 150 100 50 0
8 (ppm)

Figure 5. Solid-state CP-MAS "“C NMR spectrum of PTD, along with the assignment for the

individual peaks (signals indicated by an asterisk are spinning bands).

Based on the above NMR studies, the thinnest and most shielded peak (C in Figure 6) should
correspond to the rigid regions in the polymer and therefore, due to PTD’s semi-crystalline
nature, to the crystal phase in the polymer.”** In order to unambiguously assign the three sub-
peaks in the carbonyl area to specific phases and chain arrangements, "C CP-MAS spectra of

dimethylmalonic acid (CH,),C(COOH),, a crystalline model molecule for PTD repeat unit, and
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of an atactic sample of PMAA were recorded. The section of the spectra corresponding to the —

COOH functional group are displayed in Figure 6a, in comparison to PTD.

DMMA

PDT

(b)

: : r T T T i
200 190 180 170 160 150 200 190 180 170 160 150
3 (ppm) 3 (ppm)

Figure 6. (a) From top to bottom: expansion of the -COOH signal observed by solid-state CP-
MAS "C NMR for dimethylmalonic acid (DMAA), atactic polymethacrylic acid (PMAA) and
PTD; (b) peak fitting for the PTD spectrum: peak A was fitted with a Lorentzian equation (& =
176.9 ppm, half-width = 1.64 ppm), B with a Gaussian equation (& = 171.8 ppm, half-width =

3.23 ppm), and C with a Lorentzian equation (0 = 167.7 ppm, half-width = 0.90 ppm).

This comparison validates the previous assumption that C corresponds to a crystalline fraction
in the polymer, as the chemical shift and shape of C compares ideally with the single peak
obtained for the fully crystalline DMAA. Furthermore, chemical shifts for peaks A and B fit
nicely with atactic (i.e., amorphous) PMAA. Based on the assignment proposed by Fortier-
McGill and Asano for PMAA,'?* peak A would relate to the carbon signature of loosely bound
disorganized H-bonds (oligomers) between —COOH groups, whereas peak B would arise from
COOH dimers bound in a cyclic structure. Such organizations are schematically drawn in
Scheme 1. Based on the available X-ray structure determination for crystalline DMAA that

indicates that all C(COOH), subunits participate to cyclic dimers® and the very close fit for the
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C NMR COOH peaks of DMAA and PTD, respectively, it seems reasonable to assume that the
dimeric structure is also to be found in the crystalline fraction.

The result of a mathematical deconvolution for the -COOH peak is shown in Figure 6b. From
the respective areas, fractions for each type of organization could be estimated. It was found that
the crystalline fraction (peak C) accounts for 25% of the total, while dimers (peak B) and
oligomeric COOH (peak A) in the amorphous phase account for 27.5% and 47.5%, respectively.
The relative amount of dimers in the amorphous phase (about one-third of the total) is lower than
in PMMA where the dimer-to-oligomer ratio is roughly inverse, and favors the formation of

dimers over H-bonded oligomers.

Water Sorption Studies. The significant interaction of gaseous water with hydrogen-bonding
solid polymers is a well-known phenomenon that can dramatically affect properties in the solid
state.” For instance, significant moisture uptake corresponding to weight increases of up to 40-
50% have been observed for atactic polyacrylic acid at high relative humidities (Figure 7).>**" In
order to enable a fair comparison between polyacid 2 and polyacrylic acid, water sorptions at
equilibrium were measured for 2 at 25 and 35°C in the 50-99% relative humidity range where
significant water uptake take place for polyacrylic acid. The measurement were made
gravimetrically and confirmed by TGA.

As can be seen in Figure 7, 2 displays approximately the same quantitative behavior as
polyacrylic acid with respect to water adsorption, the crystallinity clearly not displaying any

influence.
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Figure 7. Sorption isotherms (water uptake as a function of the relative humidity) measured

for 2 at 25 (red full circles, ®) and 35°C (green full square, m), as compared to literature values

for polyacrylic acid at 25 (blue empty circles, ©) and 30°C (purple empty triangles, A).>*

IR spectra for several samples containing increasing amounts of water (as measured by TGA)
were collected, and showed a significant evolution in the 1600-1780 cm™ range, as expected
from previous studies on wet polymers containing carboxylic acid moieties (Figure S8 in the
Supporting Information).”>* The same evolution could also be observed in situ by registering IR
spectra over time of a thin polyacid pellet fixed on top of an ATR probe, the whole setup having
been placed in a constant humidity room at ambient temperature. The above spectral variations
originates from a well-known phenomenon and are due to the very high sensitivity of the
carbonyl vibration to its local environment, in particular with respect to molecular species
capable of hydrogen-bonding to the C=0, such as water or other carboxylic acids. Unfortunately,
no quantitative information could be obtained based on the spectral band analysis suggested by

Ozaki et al. for polymethacrylic acid, which assigns specific vibrations in the C=0O stretching
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region to individual types of carboxyl group associations, i.e. cyclic dimers, free monomers, and
oligomers.” In particular, no spectrum simulations based on a simple curve-fitting procedure
using the parameters provided by Ozaki er al. could be satisfactorily obtained. A second-
derivative analysis of water-rich and water-poor samples suggests that the number of species
needed to fully describe the entire set of spectra is much higher than for polymethacrylic acid

(i.e.,4), possibly because of the coexistence of crystalline and amorphous phases.

CONCLUSIONS

A novel polyacid of simple yet highly symmetrical structure, (CH,-CH,-C(COOH),),, was
designed and fully characterized. It can be obtained in two steps from easily synthesized and
affordable di-n-propyl cyclopropane-1,1-dicarboxylate, with no structural defects detectable on
the polymer structures as evidenced by high-resolution NMR. Its solubility in water and
traditional organic solvents is quite low, except in formamide and N-methylformamide. Despite
the low attraction to water molecules in the liquid state, affinity in the solid-state with respect to
gaseous water was found to be identical to those exhibited by polyacrylic acid.

The semi-crystalline nature of solid samples was evidenced by X-ray diffraction, solid-state
NMR, and polarized light microscopy. It most probably arises from the high symmetry of the
polyacid. NMR data indicate the presence of two spatial organizations of polymer chains in the
amorphous phase, one consisting of cyclic dimers, the other of H-bonded oligomers. (CH,-CH,-
C(COOR),), samples are easy to handle but decomposes thermally above 100°C, both in solution
and in the solid state. Attempts at exploiting this feature are currently under study and will be

reported shortly.
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The following file is available free of charge on the ACS Publication website:
PDF file containing the "C NMR and COSY spectra of PTD, a FT-IR monitoring of the
precursor ester hydrolysis at alternate wavelengths, the raw autocorrelation data for the DLS
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monitoring of PTD samples containing increasing amounts of water.
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