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ABSTRACT: A new, high-molecular-weight, aromatic fluori-
nated ladder polymer has been obtained by the superacid-
catalyzed, nonstoichiometric, step polymerization of a
xanthenediol with trifluoroacetone. The polymerizations
carried out at room temperature in a mixture of
trifluoromethanesulfonic acid (CF;SO;H, TESA) with meth-
ylene chloride resulted in a polymer completely soluble in
acetone, methylene chloride, chloroform, THF, methanol,
DMF, NMP, and DMAC. The chemical composition of the
ladder polymer has been confirmed by the complementary
experimental and calculations studies of the **C and 'F NMR
spectra and the calculations of reaction pathways. It was also
found that the growth of the fully fused-ring backbone polymer
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Three Dimensional Chain Growth
of the Ladder Po/ymer

chain occurs in all three dimensions due to the formation of regioisomeric fragments. Appropriate films, for the determination of
gas permeation coeflicients, were obtained by casting. According to gas permeation experiments, the ladder polymer falls above

Robeson’s 2008 updated upper bound for the O,/N, gas pair.

B INTRODUCTION

Ladder polymers,"” defined as an “uninterrupted series of rings
connected by sterically restrictive links around which rotation
cannot occur without the breaking of a bond”, comprise a
special topic in polymer science.

In the initial phase of the history of ladder polymers they
were mostly considered as ideal candidates for applications
requiring materials with high thermal, mechanical, and chemical
stability.

Since the mid-1980s, there has been ever increasing interest
in the electrophysical and optical properties of ladder polymers
possessing a planarized m-electron system which ensures
optimum electron delocalization.

The high rigidity of ladder polymers, in combination with a
loose chain packing, has proved to be an important factor for
generating an unusually high microporosity that leads to
polymer membranes with significant improvements in both gas
permeability coefficients and selectivity for several gas pairs, as
it has been learned from the evaluation of the gas transport
properties in spiro, ladder, or MOP (microporous organic
polymer) polymers reported elsewhere.””

In regards to syntheses of ladder polymers, more and more
publications have appeared. It is beyond the scope of this paper
to cover all the history and chemistry of ladder polymers, which
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are well documented in reviews and original papers (see some
of them and references cited therein'?™?).

However, there are challenging problems in ladder-polymer
syntheses. Two special drawbacks are (i) the generally poor
solubility of the ladder structures, which inhibits molecular-
weight growth, and (i) the possibility of cross-linking or
branching during the polymer-building process. Side reactions
of these types cause incomplete ladder formation and drastically
decrease the solubility of the products obtained.

The key to defect-free ladders is transformations with
complete regioselectivity. Highly specific and efficient reactions
with quantitative (or nearly quantitative) yields are absolutely
essential to obtain the desired ladder macromolecules.

Recently, efficient TESA-catalyzed condensations of trifluor-
omethyl ketones with catechol, resorcinol, and hydroquinone
(in the ratio 1 mol of ketone/2 mol of phenol) have been
described.”® Thus, 2,2,2-trifluoroacetophenone reacts with
resorcinol in the presence of TFSA at room temperature to
give 3,6-dihydroxy-9-trifluoromethyl-9-phenylxanthene in high
yield (reaction conditions were not optimized) (Scheme 1).

Received: July 3, 2017
Revised:  October 5, 2017
Published: October 30, 2017

DOI: 10.1021/acs.macromol.7b01413
Macromolecules 2017, 50, 8480—8486


pubs.acs.org/Macromolecules
http://dx.doi.org/10.1021/acs.macromol.7b01413
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.macromol.7b01413
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.macromol.7b01413
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.macromol.7b01413

Macromolecules

Scheme 1. Synthesis of 3,6-Dihydroxy-9-trifluoromethyl-9-
phenylxanthene™’
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More recently, polymers and copolymers containing 9H-
xanthene moieties in the backbone were synthesized at room
temperature by superacid-catalyzed step-growth polymeriza-
tions of carbonyl compounds with bisphenols (Scheme 2).
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Scheme 2. Synthesis of Polymers by the Polymerization of
Ketones with Bisphenols24
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Therefore, it seemed plausible that xanthenediol A would
react with 2,2 2-trifluoroacetone (in the ratio 1 mol of ketone/1
mol of bisphenol) to form a ladder polymer (Scheme 3).

According to the calculations of reaction pathways,” the
cyclodehydration in the xanthene syntheses occurs during the
hydroxyalkylation step in which the phenyl ring is activated
toward nucleophilic aromatic substitution to form an ether
bond. In other words, both strands of the ladder structure
might be generated in a single reaction.

R1: CF3

R2: CHgs, phenyl;

X—, —¢—
F3

B RESULTS AND DISCUSSION

Polymer Synthesis. 3,6-Dihydroxy-9-trifluoromethyl-9-
phenylxanthene (A) has been obtained according to the
published method.” A high-quality crystalline sample of
xanthenediol (A) was used for data collection and structure
refinement. X-ray crystallographic analyses reveals that
xanthenediol A adopts an overall butterfly like conformation
with the central 4H-pyran ring in a boat conformation (Figure
1).

Step-polymerization of xanthenediol (A) with trifluoroace-
tone was carried out under conditions similar to the
polymerizations of linear bisphenols with trifluoromethyl
ketones.”* Since our initial attempts on the stoichiometric

Figure 1. Molecular structure of 3,6-dihydroxy-9-trifluoromethyl-9-
phenylxanthene.

polymerization of the monomers resulted in longer reaction
times and oligomeric products, we have performed a non-
stoichiometric polymerization of bisphenol with trifluoroace-
tone. Contrary to the classical theory of step-growth polymer-
ization, the highest molecular weight in superacid-catalyzed
polyhydroxyalkylation is achieved when an excess of the
carbonyl compound is used.’® Nonstoichiometric polymer-
ization of trifluoroacetone with xanthenediol A (in the ratio 1.3
mol of ketone/1 mol of xanthenediol) in a medium of
methylene chloride gave polymeric product in 2 h (Table 1).

The reaction solution was poured into water; the yellowish
fiber-like powder formed was filtered off, washed copiously with
water, and after drying in air reprecipitated twice from acetone
into water. Remarkably, the polymer obtained is completely
soluble in methylene chloride, chloroform, THF, DMF, NMP,
DMAC, THEF, and pyridine, and flexible transparent films could
be cast from the solutions. Even more surprising is that the
polymer is soluble in acetone and methanol, which is very
unusual for aromatic polymers. It is very likely that the presence
of swivel trifluoromethyl groups, lack of dense polymer packing
due to rigid, nonplanar xanthene fragments, and presumably
regular polymer structure are the reasons for such high
solubility.

Polymer Structure. It is worth mentioning that polymers
containing hydroxy groups are generally insoluble in chlori-
nated solvents. Therefore, solubility of the polymer in
chlorinated solvents (and absence of color changes in the
presence of the polymer with sodium and potassium
hydroxide) points to complete conversion of phenol groups
in the cyclodehydration reaction to yield ether bonds. It is
noteworthy that in the IR spectrum of the polymer there are no
characteristic bands corresponding to hydroxyl groups (3400—
3650 cm™). The bands appeared at 1607 and 1469 cm™ can
be assigned to the aromatic C—C double bonds. A character-
istic intensive multipeak at 1136 cm™ is attributed to C—O—C
stretching vibrations.

Scheme 3. Hypothetical Synthesis of Ladder Polymer
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Table 1. Step Polymerization of Trifluoroacetone with Xanthenediol A

entry reaction conditions” reaction time (h) on (dL/g™H" M,,/M, (kDa)‘ PDI (M,,/M,) T, (°C) T, (°C)? yield (%)
ST 12 0.08 7.22/4.27 1.69 nd nd 54
2 ST 24 0.14 10.51/4.11 2.57 nd nd 72
3 NST 2 0.62 41.52/20.99 1.98 >400 473 93

“ST: stoichiometric polycondensation. NST: nonstoichiometric polycondensation. %0.2% solution in NMP. “Molecular weights (M, M,)

determined by GPC-MALLS, THF. 9Onset (°C).
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Figure 2. IR spectra of ladder polymer.

In contrast to the clear pattern of the IR spectrum, the 'H
NMR spectrum of the polymer is unsuitable for analysis
because of overlapping of many signals. It was reported that the
folding of xanthene units along the connecting line through the
oxygen atom and the xanthene carbon atom C-9 gives rise to
the formation of stereoisomers.”* Obviously, the nonplanar,
double-stranded, fully fused-ring backbone ladder structure
would produce complicated NMR spectra. Thus, although the
3C NMR spectrum of the polymer allows for the assignment of
some main signals of polymer structure, it cannot be accepted
as evidence of the ladder structure suggested (Figure 3). It is
worth noting that very often the detail structural character-
ization of ladder polymers is generally considered to be a more
difficult task than the synthesis itself. Therefore, we decided to
use 'F NMR spectroscopy.

The polymer has only two types of fluorine atoms, which
suggests that there should be only two signals in the '’F NMR
spectra; however, the reality is quite different. The '"F NMR
spectra of the polymer revealed the existence of multiple signals
(Figure 4, bottom) spread over 14 ppm.

A similar situation holds for *C NMR spectra where the
number of signals exceeds the number of unique carbon-atom
types. This could be a consequence of the lack of stereo- or
regioselectivity or both for the polymer forming reaction. To

verify this hypothesis, the theoretical calculation of the reaction
pathways have been performed.

Calculation of the Reaction Pathways. To explain the
origin of multiple signals in NMR spectra of the polymer,
nuclear magnetic shielding tensors and chemical shifts of
different structures have been calculated using gauge-including
atomic orbital method (GIAO)*” as implemented in Gaussian
09 rev D.01. Dispersion corrected wB97XD functional in
combination with trigple-é’ quality Ahlrichs basis set was used for
these calculations.”® The lowest energy conformations of
oligomers containing six repeat units were used. The chemical
shifts () were calculated from the shielding tensors

6= ref — O

where o, is the shielding of CFCl; predicted by the same
methods.

First, different stereoisomers of the oligomer have been
calculated (Scheme 4). The results showed that although the
stereoisomerism causes splitting of fluorine signals in '’F NMR
spectra, the difference between chemical shifts of '°F atoms
belonging to different stereoisomer does not exceed a several
tenths of ppm. Thus, for all tested stereoisomers the calculated
chemical shifts of CF;—C—Ph and CF;—C—CH,; groups were
around —79 and —86 ppm, respectively. Therefore, stereo-
isomerism cannot be the only reason for the multiple fluorine
signals.

The reaction between trifluoroacetone and xanthenediol (A)
can result in the formation of two different structures (see
Scheme 4). If the polymer-forming reaction is not regiose-
lective, the polymer chain will contain fragments of different
constitutional isomers, which would create a variety of
magnetically nonequivalent CF; groups. Figure S shows the
lowest energy conformers of four different hexamers containing
different amount of structures I and II, from pure I to pure IL

The second step was the calculation of the magnetic
shielding tensors and chemical shifts for these structures.
Figure 4 depicts the combined "’F NMR spectra of all four
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Figure 3. >*C NMR spectrum of ladder polymer 2A (in CDCl,).
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Figure 4. Simulated (top) and experimental (bottom) 'F NMR spectra of the polymer 2A.

Scheme 4. Possible Formation of Different Constitutional
Isomers
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structures and the experimental '°F spectra of the polymer in
the range from —70 to —85 ppm. Only four inner repeat units
were taken into account to avoid signals originating from
terminal groups. A perfect match between the calculated and
experimental spectra is not expected, since even in the case of
well-defined structures the error is still a few ppm.”” However,
one can predict two important similarities between theoretically
calculated and experimental spectra: the first is the spread of
the signals, being of about 14 ppm for both the theoretical and
experimental spectra; the second is the position of the lowest

Figure S. Optimized structures of the lowest energy conformers of
studied oligomers.

and the highest field signals, with a difference of only of about 2 exclusively either structure I or structure II by modifying only
ppm. Moreover, the signals of the theoretically calculated the reaction conditions.
spectra are grouped into five multiplets similar to experimental To estimate the selectivity of different reaction sites of
spectra. xanthenediol, we calculated the free Gibbs activation energies of
As seen, the multiple signals in NMR spectra of the polymer o complexes formation for each reaction path (Scheme $) since
can be explained by assuming the lack of regioselectivity of the this reaction is kinetically controlled. The ¢ complexes
polymer-forming reaction. The polymer chain contains both formation was found to be the rate-limiting step for the
types of fragments: structure I and structure II producing reaction of TFA with aromatics. We used the same level of
multiple magnetically nonequivalent trifluoromethyl groups. theory as in ref 25 which was found to be successful in
This fact opens up the possibility of manipulating the predicting and explaining the reactivity of other monomers
regioselectivity of the reaction to obtain polymer possessing participating in the polyhydroxyalkylation reaction.
8483 DOI: 10.1021/acs.macromol.7b01413
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Scheme 5. Possible Reaction Pathways in the Reaction of Xanthenediol with Trifluoroacetone
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As seen from Scheme 5, the rate-determining step for both
reaction paths is the carbinol formation. There is no difference
between the activation energies, which suggests that two
isomeric carbinols CB1 and CB2 form at the same rate. The
next step, the dissociation of carbinols to form carbocations C1
and C2, is a slightly endothermic process with free Gibbs
reaction energies of only a few kcal/mol and with no detectable
transition states. The last reaction step is the formation of
diarylated products F1 and F2, which have close free Gibbs
activation energies of 8.5 and 10.1 kcal/mol, respectively. As
seen, the formation of carbinols controls the ratio of isomers
formed by the electrophilic attacks at positions 2 and 4 of A.
Considering that there is no difference between two activation
energies for the rate-determining step, we expect that the ratio
between two isomers should be close to 1:1, which is in
agreement with the experimentally observed 'F NMR
spectrum (Figure 4).

Therefore, the chemical composition of the polymer
obtained can be represented by the structure shown in Scheme
6. It is important to mention that the growth of the fully fused-

Scheme 6. Chemical Composition of Ladder Polymer 2A (m

ring backbone polymer chain occurs in all three dimensions due
to the formation of regioisomeric fragments. Therefore, the
random incorporation of different regioisomers into the
polymer chain creates a rigid 3D laddered structure (Figure
6). If it is true, this polymer structure is of particular interest for
gas-permeation experiments as it is noted in the following

paragraph.

8484

Figure 6. Minimum-energy conformation of ladder polymer segment.

Gas Permeation Experiments. The 2A ladder polymer is
soluble in common solvents and can be easily processed as a
solvent-free film to measure its application in different
industrial sectors, i.e, as a gas separation medium. Thus, a
solvent-free film for gas permeation measurements was formed
by solution-casting using a 5 wt % polymer solution in
chloroform and then vacuum-drying it at 80 °C for 24 h to
eliminate the residual solvent. Films thus obtained proved
robust with tensile strength 52.2 + 7.5 MPa, a Young’s modulus
of 1350 + 52 MPa, and elongation at break 12 + 1.8%. The
polymer film, with a 45 pm thickness, was then mounted in a
constant-volume/variable pressure permeation cell following a
well-established procedure reported elsewhere® to measure, at
35 °C and 2 bar upstream pressure, the ultrahigh pure gas
permeability coefficient, P(i), for O, and N,. With a P(O,) in
the order of 36.5 barrer, and ideal selectivity for the O,/N, gas
pair of 8.5, as reported in Figure 7, its selectivity—permeability
combination position it as a promising material for the
separation of O, and N, from air, in a similar manner as the
separation performance reported for some other ladder
polymers with intrinsic microporosity,9 ie., the TPIM-1 and
TPIM-2 with aging times higher than 700 days (see Figure 7).
Since annealing time is an important variable to describe
fractional free-volume variations, i.e., gas separation perform-
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Figure 7. Selectivity—permeability relationship for the gas pair O,/N,,
measured at 35 °C and 2 bar, in a 2A polymer membrane (solid
circle). Separation performance for other ladder polymers with
intrinsic microporosity’ (open diamonds), T-PIMs “fresh” and
“annealed”, have been included for comparison purposes. Solid line
describes Robeson’s 2008 updated upper bound.*!

ance, it is worthwhile to mention that the separation properties
reported for 2A ladder polymer membranes were measured two
months after the film was vacuum-dried. In addition, 2A
polymer was not immersed in methanol as is in the case for the
“fresh” and “annealed” PIMs used in Figure 7 for comparison
purposes. The attractive ideal selectivity for O,/N, measured
for the 2A ladder polymer should be the result of packing in the
solid state a highly nonplanar and rigid structure, as noted in
Figures 5 and 6, which arises from an increased intrachain
rigidity imposed inside the main polymer repeating unit. The
attractive P(O,) may be the result of either a favorable
interaction between the O, gas molecule with the oxygen atom
in the ether linkage and a relatively high internal free volume
shown by this ladder polymer that possess a 587 m’/g BET
surface area as determined from nitrogen adsorption isotherms.
Future work will be addressed to the evaluation of the gas
separation performance and gas sorption capacity shown by this
ladder polymer.

B CONCLUSIONS

A metal-free, highly soluble, fully aromatic fluorinated ladder
polymer was successfully obtained by one-pot, room-temper-
ature, superacid-catalyzed nonstoichiometric step polymer-
ization of multifunctional monomers xanthenediol and
trifluoroacetone. The both strands of the ladder structure are
generated in a single reaction. The ladder polymer is
completely soluble in common organic solvents, including
acetone and methanol, and forms appropriate films, for the
determination of gas permeation coefficients, when cast from
the solutions. The structure of the polymer was characterized
by NMR and FTIR spectroscopies as well as TGA analysis.
Complementary experimental and calculations studies of
spectral parameters and calculations of reaction pathways
revealed the presence of stereo- and regioisomers in the
polymer due to nonplanar xanthene fragments and the
electrophilic aromatic substitution reactions of ketones in
both ortho positions to the hydroxy phenol group. As a result,
the growth of the fully fused-ring backbone polymer chain
occurs in all three dimensions. Nonplanar, fully fused-ring
xanthene backbones and the presence of isomers are favorable

8485

for disrupting chain packing and for the development of an
apparent high internal free volume as indirectly suggested for
the high BET surface area of 587 mz/g. The significant
advantages of this synthetic method are promising synthetic
potential, operational simplicity, availability of reactants, and
easy work-up.

Gas-permeation experiments have shown that the ladder
polymer is a promising material for the membrane gas
separation of O, and N, from air, since the permeability—
selectivity combination reported at 35 °C and 2 bar, P(O,) =
36.5 barrer, and ideal selectivity for O,/N, = 8.5 position it with
excellent properties above Robeson’s 2008 updated “upper
bound”.>" The results obtained also suggest that a large variety
of new ladder polymers may be obtained from the polymer-
ization of monomers containing structures with two phenolic
hydroxy groups and carbonyl compounds capable of forming
xanthenes structures in acid-catalyzed reactions.

B EXPERIMENTAL SECTION

Characterization. NMR spectra were taken on Bruker Avance
digital spectrometer, operating at 300 and 75 MHz for 'H and *C,
respectively. Chloroform-d (CDCl;) was used as solvent. Infrared (IR)
spectra were measured on a Thermo Scientific Nicolet FT-IR-ATR
spectrometer. The inherent viscosities of 0.2% polymer solutions in 1-
methyl-2-pyrrolidone (NMP) were measured at 25 °C using an
Ubbelohde viscometer. Molecular weights were determined by gel
permeation chromatography (GPC—MALLS) according to the
published method.** Thermogravimetric analyses (TGA) were carried
out in air and under nitrogen at a heating rate of 10 °C/min on a
DuPont 951 thermogravimetric analyzer.

Materials. All starting materials were obtained from Aldrich.
Methylene chloride, 2,2,2-trifluoroacetophenone, and trifluoroacetone
were distilled. Trifluoromethanesulfonic acid was distilled prior to use.
Resorcinol was used as received.

Synthesis. A mixture of 1,1,1-trifluoroacetone (0.2930 g, 2.6
mmol), 9H-xanthene-3,6-diol (0.7166 g, 2.0 mmol), methylene
chloride (2.0 mL), and TEMSA (2.0 mL, 22.6 mmol) was stirred at
room temperature for 3 h and then poured slowly into water. The
precipitated, off-white solid was filtered off, washed several times with
water, and dried in air overnight. After the second reprecipitation from
acetone into water and drying the resulting white fibrous polymer
(2A) had an inherent viscosity (7,,,) of 0.62 dL/g (in NMP).
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