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ABSTRACT: Two new diacid monomers containing either
fluorene or sulfone moieties polymerize via step-growth polymer-
ization in the presence of their diol counterparts or alkyl diols
(ethylene glycol and 1,6-hexanediol), forming eight new cardo
structure polyesters. The polymers exhibit high optical trans-
parency in the thin-film form with refractive indices ranging from
1.56 to 1.69, tunable glass transition temperatures from ca. 40 to
116 °C with no melting temperature, and resistance to thermal
degradation in a nitrogenous atmosphere, reaching 350—398 °C
before observing 10% weight loss. Their molecular weights, M,,
range from ca. 17 to 77 kDa, with an average polydispersity, D, of
1.5, and average purified yields of 82%. The polymers absorb light
primarily in the UV region from ca. 228 to 320 nm with no
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absorption from 320 to 800 nm. A critical finding is that some of the fluorene and sulfone monomers induce negative bioactivity and
even cell death in T47D-KBLuc cells, a breast cancer cell line, at high concentrations. This report details the project inspiration,
monomer synthesis, polymerization steps, structural confirmation, material characterization, and the impact of the new monomer’s

estrogenic and antiestrogenic bioactivity.

1. INTRODUCTION

Fluorene- and sulfone-based polymers, particularly those with
cardo structures, are drawing attention for their wide-ranging
use in applications from optics,"” electronics,”* and sensing,”*
to antistatic coatings”” and medical supplies.”'® The broad use
of fluorene-based polymers (FBPs) and sulfone-based
polymers (SBPs) stems from their distinctive polymer
properties like high refractive index, permeability, thermal
stability, and low birefringence.'™"* Fluorene and sulfone
polyarylates have been known for some time, primarily from
the step-growth polymerization between bisphenols and acid
chlorides or carboxylic acids."*~*° As a result of FBP’s and
SBP’s promising multipurpose properties, exploration of
fluorene and sulfone monomer derivatives is expanding,”"**
and translational studies involving FBPs and SBPs are
increasing.”””** While FBP and SBP materials remain
interesting for advanced technology applications, their
monomers can exhibit negative bioactivity owing to their
similar chemical shape to hormones, just like the well-known
endocrine disrupter bisphenol A (BPA); Figure 1. For example,
compounds such as bisphenol-S (BPS), bisphenol-F (BPF),
and fluorene-9-bisphenol (BHPF), sometimes used as
substitutes for BPA in commercial products, are themselves
endocrine disruptors.”*~>® The alarming negative bioactivity of
some FBP and SBP monomers highlights concerns like
© 2025 The Authors. Published by
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deciding when a material’s beneficial properties for advancing
technologies do not outweigh its potentially negative biological
impact and to what extent the use of starting materials like
BPS, BPF, and BHPF ought to be regulated in consumer
products. In the meantime, identifying new fluorene and
sulfone monomers with chemical architectures unique from
those of hormones without losing the properties that make
BHPF and SBP materials useful could offer a workaround
solution. Hormones like estrogens are critical for controlling
the growth, development, and homeostasis of many tissues in
humans and mammals.””*° Estrogenic (and antiestrogenic)
bioactivity can be evaluated using the T47D-KBLuc cell line,
which was developed in 2004 to screen chemicals for
estrogenic/antiestrogenic activity.”' The T47D-KBLuc cell
line has been used to identify estrogenic activity in BPA
derivatives,32 and its use in this work identifies the estrogenic/
antiestrogenic bioactivity of two monomers, 2,2"-(((9H-

fluorene-9,9-diyl)bis(4,1-phenylene) )bis(ethan-1-ol) (F-diol)
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Figure 1. Estrogen hormone, estradiol (pink). Endocrine disruptors, BPA, BHPF, and BPS (blue), overlaid on estradiol.>>~%*
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and 2,2’-((sulfonylbis(2,6-dimethyl-4,1-phenylene))bis(oxy))-
diacetic acid (S-diacid). Here, we modified the BPF and BPS
monomer structures by extending the terminal functional
groups (alcohols or acids) away from the aromatic moieties
with the aim of producing polymers whose monomers exhibit
less endocrine-disrupting bioactivity without losing the high
optical transparency and thermal properties of the BHPF and
BPS polymers. In the proceeding sections, we describe the
process of synthesizing the two new diacid monomers
containing either fluorene or sulfone moieties, demonstrate
their use in step-growth polymerization to achieve polymers
with excellent optical and thermal properties, and report on
their estrogenic/antiestrogenic bioactivity.

2. MATERIALS AND METHODS

1. Chemicals and Reagents. Solvents and starting
materials, including monomers 1,6-hexanediol and 1,2-
ethanediol, were purchased from commercial vendors (Fisher
and Sigma-Aldrich). All materials were used as received, unless
otherwise noted. Solvents were purified by using a solvent
purification system (Innovative Technology). Standard organic
transformation reactions were used to synthesize the fluorene
and sulfone monomers. The synthetic steps are detailed in the
Supporting Information (SI) and are accompanied by "H and
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BC NMR spectra (Figures S1—S4); brief descriptions of
monomer and polymer synthesis steps follow below.

2.2. Synthesis. 2.2.1. Dicarboxylic Acid Fluorene
Monomer (F-Diacid). The F-diacid monomer described here
has been reported for the first time. Monomer synthesis was
achieved in two steps, according to Scheme 1. First,
Williamson Ether synthesis was employed to couple 4,4'-
(9H-fluorene-9,9-diyl)diphenol (BHPF) with bromomethyl
acetate (CH;CO,CH,Br; 2 eq with slight excess) in the
presence of potassium carbonate (K,CO;) in dimethylforma-
mide (DMF) at 100 °C for 24 h, resulting in the formation of
dimethyl-2,2'-(((9H-fluorene-9,9-diyl)bis(4,1-phenylene) ) bis-
(oxy))diacetate (F-precursor; 72% yield). Second, complete
hydrolysis of the F-precursor was achieved in the presence of
potassium hydroxide (KOH) and a mixture of methanol
(MeOH) and tetrahydrofuran (THF) at room temperature,
resulting in the formation of the F-diacid monomer, 2,2'-
(((9H-fluorene-9,9-diyl)bis(4,1-phenylene) )bis(oxy) )diacetic
acid.

2.2.2. Dicarboxylic Acid Sulfone Monomer (S-Diacid). The
S-diacid monomer described here has been reported for the
first time. Monomer synthesis was achieved in two steps
according to Scheme 1. First, Williamson Ether synthesis was
employed to couple sulfonylbis(2,6-dimethylphenol) (SDMP)
with CH;CO,CH,Br (2 eq with slight excess) in the presence
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of K,CO; in DMF at 100 °C for 24 h, resulting in the
formation of dimethyl-2,2’-((sulfonylbis(2,6-dimethyl-4,1-
phenylene))bis(oxy))diacetate (S-precursor; 58% vyield).
Second, complete hydrolysis of the S-precursor was achieved
in the presence of KOH and a mixture of MeOH and THF at
room temperature, resulting in the formation of the S-diacid
monomer, 2,2-((sulfonylbis(2,6-dimethyl-4,1-phenylene) )bis-
(oxy))diacetic acid. The average S-precursor yield was 58%,
and hydrolysis to form the S-diacid was complete.

2.2.3. Diol Fluorene Monomer (F-Diol). The F-diol
monomer was synthesized based on previous reports.’”**
Monomer synthesis was achieved in one step according to
Scheme 1. Williamson Ether synthesis was employed to couple
BHPF with chloroethanol (CI(CH,),0H; 2 eq with slight
excess) in the presence of K,CO; in DMF at 100 °C, resulting
in the formation of the F-diol monomer, 2,2'-(((9H-fluorene-
9,9-diyl)bis(4,1-phenylene))bis(ethan-1-0l); average yield,
91% (~9 g).

2.2.4. Diol Sulfone Monomer (S-Diol). The S-diol
monomer was synthesized based on previous reports.*>**
Monomer synthesis was achieved in one step, according to
Scheme 1. Williamson Ether synthesis was employed to couple
4,4'-sulfonyldiphenol with CI(CH,),OH (2 eq. with slight
excess) in the presence of K,CO; in DMF at 100 °C, resulting
in the formation of the S-diol monomer, 2,2'-((sulfonylbis-
(4,1-phenylene) )bis(oxy) )bis(ethan-1-ol); average yield, 92%
(~6 g).

2.2.5. Generalized Carbodiimide Polymerization Proce-
dure. Selected diacid and diol monomers were reacted in an
inert atmosphere with dimethylamine pyridinium tosylate
(DPTS) (1:1:0.4 equiv) with anhydrous dichloromethane at
0 °C followed by the dropwise addition of N,N’-diisopro-
pylcarbodiimide (DIC; 2.2 equiv) before heating at 45 °C for
48 h. The reactions were cooled to room temperature, then
quenched in methanol (MeOH), and allowed to stir for 12 h
before filtering, washing in MeOH, and drying under high
vacuum at ~60 °C.

2.3. Characterization Techniques. 2.3.1. Spectroscopy.
Nuclear magnetic resonance (NMR; Bruker AVANCE-III 400
MHz) spectroscopy was used to record 'H and "*C spectra of
the monomers and polymers in DMSO-d4 or CDCl; at room
temperature with tetramethylsilane as an internal reference.
Gas chromatography-mass spectroscopy (GC-MS; Agilent
7820 GC coupled with a $977E MSD) was used to analyze
the monomers. Monomer samples were prepared in HPLC-
grade acetone (Sigma-Aldrich >99.9%, used as received) at 200
ppm concentrations. The GC column (Agilent DB-Sht) was
made of polyimide with dimensions of 30 m X 250 and 0.25
pum internal silica coating. Helium was used as the carrier gas at
a flow rate of 1.2 mL/min, and the oven’s temperature
program was as follows: 50 °C for 2 min, followed by a 20 °C/
min ramp to 350 °C, and was then held at 350 °C for 3 min.
Splitless injection was used with an injection volume of 1 pL
and an injector temperature of 325 °C. The injection syringe
was rinsed with HPLC-grade acetone X3 prior to each sample
injection. MS peaks were analyzed with an MS software
database (MassHunter 7.0). Attenuated total reflectance-
Fourier transform infrared spectroscopy (ATR-FTIR; JASCO
6600) was used to record IR spectra (16 scans) of the
monomers and polymers in the powder form from 500 to 4000
cm ™ wavenumbers. UV—vis spectroscopy (UV—vis; Cary-60)
was used to record the absorption spectra of the polymers at
wavelengths between 200 and 800 nm. Measurements were
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done using a quartz cuvette with a 1 cm path length at ca.
470—940 uM in a chloroform (CHCl,) solvent.

2.3.2. Thermal Properties. Melting point apparatuses (SRS
DigitMelt; Stanford Research Systems and Thermo MELT
TEMP; Cole-Palmer) were used to record the melting
temperature of the four new diacid and diol monomers.
Thermalgravimetric analysis (TGA; Shimadzu TGA-50) was
used to record weight loss of the FBP and SBP polymers
between 25 and 800 °C in a nitrogen atmosphere at 10 °C/
min. Initial sample weights were ~8 mg. Differential scanning
calorimetry (DSC; Netzsch Polyma 300) was used to evaluate
the presence/absence of first-order (melting, T, and
crystallization, T.) and second-order thermal transitions
(glass transition temperature, T,) of the FBP and SBP
polymers. 5—8 mg of each sample was hermetically sealed
into aluminum pans. The temperature was cycled from 20 to
250 °C at 20 °C/min, except for polymer S2, which has a start
temperature of 0 °C to accommodate for the low T, We
report the second heating cycle for each polymer.

2.3.3. Molecular Weight. Size exclusion chromatography
(SEC; Viscotek TriSEC-302) with three columns (Viskotek
LT 3000L, T2500, T6000M) in a column oven and a
differential refractometer, both maintained at 40 °C with a 1
mL/min flow rate, was used to record the molecular weights,
M, and M,, and polydispersity, D. Polystyrene standards in
THEF were used to calibrate the SEC. Polymer solutions were
prepared with HPLC-grade THF in 2—3 mg/mL concen-
trations and filtered through 0.2 um filters before use.

2.3.4. Refractive Index. Variable-angle spectroscopic
ellipsometry (J. A. Woollam M-2000 ellipsometer) was used
to record the refractive index of polymer films on Si chips at
room temperature. The polymer samples were prepared using
the following protocols. S mL solutions were prepared in 1,2-
dichloroethane at 3 wt/wt % concentration. The Si chips (~1
cm?) were cleaned by immersing in fresh Piranha, followed by
rinsing with copious amounts of deionized water (DI H,0)
and isopropanol, and then drying under a dry nitrogen flow.
(CAUTION: Piranha solution is a mixture of sulfuric acid and
hydrogen peroxide. It is extremely oxidizing and reacts
violently with organic matter. Proper precautions must be
taken before, during, and after use.) The polymer solutions
were spun coat on the clean Si chips at 500 rpm for S s and
850 rpm for 30 s using a spin coater (Laurell inc.). Two
cleaned Si chips were treated with ozone (5—20 min; 15 mW/
cm? at 185 nm; Ossilla) to improve polymer adhesion to the Si
chip. Film thicknesses were measured using a profilometer
(Bruker Dektak XT) and averaged 345 + 15 nm.

2.3.5. Bioactivity of the T47D-KBLuc Cell Line. T47D-
KBLuc cells were thawed from frozen stocks (CRL-2865,
ATCC) and cultured in growth media (RPMI with 10%
charcoal-stripped FBS (Atlanta Bio) and 1% HEPES (10 mM
final concentration, Sigma)) on tissue culture flasks (BD
Biocoat) at 37 °C in a humidified incubator (95% air, 5%
CO,). At 70—90% confluence, cells were trypsinized (0.25%
trypsin/EDTA, Corning) and seeded into 96-well plates
(~50,000 cells/cm?). Cells were allowed to adhere overnight
and then were treated with monomers (0—100 M) in growth
media in the presence of estradiol (10 nM, Sigma-Aldrich) or
in growth media alone for 24, 48, or 72 h. After the specified
time points, cells were incubated with resazurin (TCI
America) for 3 h to determine metabolic activity and then
treated with Hoescht (33342, Invitrogen) to stain nuclei to
allow for a cell count determination. Following imaging (Pico,
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Figure 2. T47D-KBLuc cell response to increasing F-diol (A—C) or S-diacid (D—F) monomer concentrations. Dashed lines represent cell numbers
without a monomer in growth media alone (black dashes) and estradiol media alone (pink dashes). Symbols with error bars represent the mean +
SD. The asterisks signify a statistically significant difference vs estradiol medial alone (pink *), or vs growth media alone (black *).

Molecular Devices), cells were rinsed with PBS and lysed (100
uL of 10 mM HEPES pH 7.4, freeze/thaw), and then the
luciferase activity was assessed (GoldBio Luciferase Assay).
Cells were automatically counted from the nuclear stain; each
field was 3,462 um® (CellReporterXpress, v2.9.3.1183,
Molecular Devices). A two-way ANOVA was used (GraphPad
Prism, v10.1.1) to analyze data (plotted as the mean + S.D.),
with media and monomer dose as the two factors. Dunnett’s
correction was used for the post hoc comparison of monomer
dose vs media controls; an adjusted p < 0.05 was considered
statistically significant.

3. RESULTS AND DISCUSSION

3.1. Monomer Structure and Properties. 'H and *C
NMR spectroscopies confirm the monomer structures; Figures
S1—S4. The peak locations are consistent with predictions for
monomer structures, F-diacid (Figure S1), S-diacid (Figure
S2), B-diol (Figure S3), and S-diol (Figure S4). The m/z
values resulting from GC-MS analysis match the theoretical
molecular weights of the F-diol and S-diol monomers. The
theoretical molecular weight of the F-diol is 438.51 g/mol with
a parent peak GC-MS result of 438 m/z (Figure SSA).
Similarly, the theoretical molecular weight of the S-diol is
338.35 g/mol with a parent peak GC-MS value of 338 m/z
(Figure SSB). The parent peak m/z values for the diacids do
not match their theoretical molecular weights but instead
match fragments of the diacids. The differential is expected and
is typical for carboxylic acids. Due to their high polarity,
carboxylic acids can stick strongly to GC columns, resulting in
fragmentation with parent peak m/z values different from the
original polar compound.® The theoretical molecular weight
for the F-diacid is 466.45 g/mol, whereas the m/z value is 494
m/z, a difference of about 28 (Figure SSC). Fragments adding
up to 28 are common in MS and often comprise two carbons
and four hydrogens or one carbon and one oxygen. The
theoretical molecular weight for the S-diacid is 422.34 g/mol,
whereas the m/z value is 306 m/z, a difference of ca. 116
(Figure SSD). The S-diacid starting material, SDMP, has a
molecular weight of 306.30 g/mol, indicating fragmentation of
the carboxylic acids, CH,COO (58.02 g/mol), which adds to

9616

the 116 difference between the S-diacid molecular weight
(422.34) and the GC-MS parent peak (306 m/z). Although
not conducted with the F- and S-diacids in this work,
fragmentation may be avoided by protecting the polar
carboxylic acid groups via esterification, silylation, or a similar
technique.”® Representative product yields for the new F- and
S-diacid precursors following the Williamson Ether reaction
are 72 and 58%, respectively. Complete recovery of the F- and
S-diacid monomers is common, following precursor hydrolysis.
The synthesized monomers appear as solid powders with a
white or beige color. The sulfone-containing monomers (S-
diacid and S-diol) melt at higher temperatures than their
fluorene-containing counterparts. For example, the T, range
for the F-diacid is 148—151 °C, but the S-diacid does not
exhibit a T, before the onset of yellowing at ca. 280 °C,
indicating degradation (at which point melting characterization
was stopped). The representative T,, range for the F-diol is
107—111 °C, while the S-diol exhibits a melting onset 70
degrees higher with a T range of 177—179 °C. The increase
in T, for the sulfone-containing monomers may result from
better packing than the bulkier fluorene moiety. The
characterization results for the F- and S-diols match previous
reports.34’36

3.1.1. Monomer Bioactivity. F-diol and S-diacid monomers
were evaluated for their impact on the T47D-KBLuc cell
number and bioactivity at the estrogen receptor as a function
of time and dose. Resource limitations for this work prevented
evaluation of the other monomers. The F-diol displays time-
and dose-dependent effects on cell viability and proliferation,
with estradiol showing proliferative effects by day 3 vs growth
media alone; Figure 2. Specifically, the F-diol-treated cells in
estradiol media, at dose concentrations of 0.1, 1, 10, and 100
uM, exhibit significantly higher cell numbers on day 1
compared to the lower cell numbers on days 2 and 3; Figure
2A—C. Conversely, the S-diacid shows relatively little effect on
cell viability and proliferation at dose concentrations below
100 uM. Specifically, the S-diacid-treated cells in growth and
estradiol media at the same 0.1—100 uM dose concentrations
show no difference in the cell number on day 1. On day 2,
there is a growth depression at 0.1 #M and the cell count
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Figure 4. F1—4 and S1—4 polymer structures (NMR in the Supporting Information, Figures S7—S14), and optical image of typical FBP and SBP

samples' appearance in the powder form.

decreases in estradiol media at 1 M. Day 3 shows an apparent
dose-dependent increase in cell number in both growth and
estradiol media, becoming statistically significant at 100 M in
the growth media; Figure 2D—F.

In terms of activity at the estrogen receptor (Figure 3), F-
diol displays an inhibitory effect in both the growth and
estradiol-containing media (Figure 3A—C). This inhibition is
most clearly seen on day 2; Figure 3B. Conversely, the S-diacid
shows a significant increase in the estrogen response element-
driven luciferase activity in the estradiol media on day 1, but
the significant increase is largely absent in the following days
except at 10 uM on day 2 and 100 M on day 3. The S-diacid
also shows a significant increase in the estrogen response
element-driven luciferase activity in the growth media, but only
at 100 #M on days 2 and 3; Figure 3D—F. Collectively, the cell
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effects of the monomers were significant for F-diol and S-
diacid, albeit in different ways. F-diol exhibits clear cytotoxicity
at the highest dose (100 #M) and an apparent inhibition of the
estrogen response, i.e., antiestrogenic activity. The antiestro-
genic effect of F-diol occurs for both suppressing the estrogen
stimulation of growth and estrogen promoter-driven lumines-
cence. S-diacid shows less significant effects on cell growth and
viability but does seem to have a small dose-dependent impact
on proliferation. If it were possible to normalize the
luminescence to cell number, the significant increases observed
in Figure 3D—F may become insignificant. There is also some
potential that S-diacid interacts with the estradiol, making it
more potent despite using estradiol at a concentration that
seems to give maximal stimulation; Figure S6.

https://doi.org/10.1021/acsomega.4c10782
ACS Omega 2025, 10, 9613-9622


https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c10782/suppl_file/ao4c10782_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10782?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10782?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10782?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10782?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10782?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10782?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10782?fig=fig4&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c10782/suppl_file/ao4c10782_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10782?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c10782?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

3.2. Polymerization. A driving motivation for the
synthesis of F- and S-diacid compounds in this work is to
establish if they can be used as monomers in step-growth
polycondensation when independently combined with four
known diols: ethylene glycol (EG), 1,6-hexanediol (HX), F-
diol, and S-diol. 'H and "*C NMR spectroscopies confirm that
both the F- and S-diacids successfully combine with EG, HX,
F-diol, and S-diol monomers to form eight distinct polymer
structures. The resulting polymer labels are F1—4 for the
polymers containing the F-diacid with EG (F1), HX (F2), F-
diol (F3), and S-diol (F4) and S1—4 for the polymers
containing the S-diacid with EG (S1), HX (S2), F-diol (S3),
and S-diol (S4). The average yield for the eight polymers is
82%, equating to ca. 1 g of material for characterization. The
eight polymers are white or beige following precipitation in
methanol (Figure 4). The average yield for the resulting
polymers is 82%. The lower yield is significantly improved over
earlier trials with 0—50% yields (not shown) but likely remains
at less than 100% because of loss during precipitation in
methanol as the filtrates were not transparent, indicating
passage of some polymer through the filtration membrane.
Further, the yield may be increased by reducing the
deactivation of DIC from the formation of urea side-products
by increasing the DPTS/DIC ratio and/or by changing the
reaction temperature/time. Parallel results of the F-diol and S-
diacid monomers on T47D-KBLuc cell counts and bioactivity
at the estrogen receptor are factors in discontinuing attempts
to further increase the yield (see Monomer Bioactivity above).
Instead, the chemical and physical properties of the existing
F1—4 and S1—4 polymers are described in the following
sections.

3.2.1. Chemical Structure and Molecular Weight. 'H and
3C NMR spectroscopies confirm the structural formation of
F1—4 and S1—4. NMR spectra with peak integration are
shown in Figures S7—S14. ATR-FTIR analysis aids in
identifying structural components like aromatic C=C (1590—
1606 cm™), C—H (2861—3045 and 1451—1504 cm™"), and
C=0 (1735—1757 cm™") stretches; Figure S15. SEC confirms
the polymer’s M, M,,, and B; Table 1. The M,, and D are in

Table 1. FBP and SBP Data: Molecular Weight (M,,),
Dispersity (D), Glass Transition Temperature (T,), and
Temperature at 10% Sample Weight Loss (Td_w%g

M, (kDa) b T, (°C)  Tayew (°C)  yield (%)
F1 18.0 14 93.4 350 93
F2 17.5 1.6 70.4 387 68
F3 20.5 17 112.9 374 83
F4 53.4 17 101.1 398 86
St 64.2 3.9 784 358 77
s2 54.3 2.1 402 351 72
$3 30.9 17 116.5 386 84
S4 17.3 1.6 89.4 361 93

the range of 17.0—53.4 kDa and 1.4—1.7 for F1—4 and 17.3—
642 kDa and 1.6—3.9 for S1—4. The lower degrees of
polymerization likely stem from incomplete monomer-to-
polymer conversion because step-growth polymerization
requires reaction completion to reach sufficiently larger chain
lengths. The occasional presence of low-molecular-weight
shoulders overlapping with the primary SEC peaks reflects
incomplete conversion; Figure S16. For instance, representa-
tive samples of F3, S1, S3, and S4 display a secondary, low-
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molecular-weight peak (S1 and S4) or shoulders not fully
resolvable from the primary response peak in SEC (F3 and
S3). The lower M, for some samples may stem from water
contamination, a side product of the polymerizations. The D
values are lower than those anticipated for step-growth
polymerization. Aside from incomplete polymerization, the
moderate P values could be from using polystyrene as
standards for calibrating the SEC and the potential loss of
lower-molecular-weight chains due to their solubility in a
MeOH mixture during polymer precipitation.

3.3. Material Properties. The FBP and SBP polymers
were evaluated for their thermal and optical properties and
solubility in a range of organic solvents using TGA, DSC, UV—
vis, and ellipsometry. A brief consideration of the polymers’
deteriorative properties was also evaluated. All eight polymers
are readily soluble in chlorinated and nonpolar solvents (e.g.,
chloroform, hexane, and toluene) and some polar aprotic
solvents (e.g., dimethyl sulfoxide). Their good solubility
facilitated UV—vis sample preparation and polymer processing
(spin coating) for optical characterization. Despite incomplete
polymerization, the polymers have high degradation temper-
atures (ca. 350 °C) and are glassy (ca. 40—116 °C). They have
high optical transparency in the visible region and high
refractive indices. Chain degradation occurs under basic (pH
10.5) conditions and an elevated temperature (60 °C).

3.3.1. Thermal. Both the FBP and SBP polymers undergo
similar two-step degradation patterns. In general, sample
weights for F1—4 are stable until the beginning of the first
degradation step at ca. 350 °C, except for F1, which begins
gradually losing weight at ca. 170 °C prior to the first
degradation step. 10% weight loss for the FBPs occurs at 350
°C for F1, 387 °C for F2, 374 °C for F3, and 398 °C for F4.
FBP sample weights become relatively stable between 480 and
600 °C before beginning the second degradation step, wherein
complete degradation occurs between 750 and 800 °C; Table
1 and Figure SA.

Although the two-step degradation patterns are similar for
the FBP and SBP samples, the SBPs undergo thermal
degradation transitions at lower temperatures. For example,
general sample weights for S1—4 are stable until the beginning
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Figure 5. TGA of representative FBP and SBP. (A) Polymers F1—4.
(B) Polymers S1—4.
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of the first degradation step at ca. 340 °C (in comparison to
350 °C for F1—4), except for S3, which is the most thermally
stable of the eight polymers, beginning the first degradation
step at ca. 365 °C, nearly 15 °C higher than the FBPs and ca.
25 °C higher than its SBP counterparts (S1, S2, and S4). 10%
weight loss for the SBPs occurs at 358 °C for S1, 351 °C for
S2, 386 °C for S3, and 361 °C for S4. SBP sample weights
become relatively stable between ca. 450—460 °C before
beginning the second degradation step, wherein complete
degradation occurs by ca. 750 °C for S1—4; Table 1 and Figure
SB. S3 is made using the bulky F-diol, which is a likely
contributing factor in its overall greater thermal stability than
the FBPs and remaining SBPs.

DSC characterization shows the FBP and SBP polymers are
amorphous with T, values ranging from ca. 40 to 116.5 °C
with no detection of melting, T,, or crystallization, T,
transitions; Table 1. An important consideration when
assessing transition temperatures is the Fox—Flory equation,
which conveys a dependence of T, on molecular weight at
sufficiently low molecular weights, wherein the observed T,
will be lower than the material’s glass transition temperature at
infinite molecular weight, T, =37 The molecular weight range of
the polymers in this work ought to be considered as T, at the
prescribed molecular weight as opposed to the polymers’ T,*.
This factor notwithstanding, the overall findings suggest that
the fluorene derivatives restrict backbone flexibility more than
the sulfonyl-phenylene derivatives, perhaps due to fluorene’s
steric bulk. For example, the molecular weights for the FBPs
are, in general, smaller than for the SBPs (except for the case of
F4, which is higher than its S4 counterpart), but their T, values
are higher. The T, values for F1 and S1 are 93.4 and 78.4 °C,
respectively. Similarly, F2 and S2 are 70.4 and 40.2 °C, F3 and
S3 are 112.9 and 116.5 °C, and F4 and S4 are 101.1 and 89.4
°C, respectively; Figure 6. One consideration is the case of F3
in comparison to S3, whose T is 3.6 °C lower than that of S3.
However, S3 contains fluorene and has a higher molecular
weight than F3 (30.9 kDa for S3 vs 20.5 kDa for F3).

3.3.2. Optical. UV—vis spectroscopy demonstrates the light
absorption characteristics of representative FBP and SBP
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Figure 6. Normalized DSC curves of representative FBP and SBP.
(A) Polymers F1—4. (B) Polymers S1—4.
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samples in CHCl;; Figures 7A,B and S17. F1—4 and S1—4
absorb only wavelengths between ca. 228 and 320 nm in the
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Figure 7. UV—vis of representative FBP and SBP samples in CHCI;
at room temperature. (A) Polymers F1—4. (B) Polymers S1—4.

UV range. F1—4 exhibit four broad absorption peaks, each
with decreasing molar absorptivity (¢, M™':cm™") as a function
of increasing wavelengths and a small shoulder with low ¢ at
228 nm. The A, for F1—4 ranges from 236 to 252 nm (e =
771—1866 M~'-cm™"), where F1 and F3 (with respective EG
and F-diol monomers) are 236 nm, F2 (containing the HX diol
monomer) is 237 nm, and F4 (containing the S-diol
monomer) is 252 nm. The presence of the sulfonyl-phenylene
functional group in the S-diol is the likely cause for the
bathochromic shift of F4’s 1,,,,,, as the SBP samples exhibit 4,
at higher wavelengths and are the greatest when both the
diacid and diol monomer units contain sulfonyl-phenylene
functional groups. Furthermore, F4 has a broad shoulder
around 264 nm and most closely resembles the absorption
characteristics of S3, which is reasonable considering that the
F4 and S3 polymers contain both fluorene and sulfonyl-
phenylene functional groups. The second largest & peak for
F1—4 is broad with an apex at 275 nm, where the right side of
the peaks has a slightly discernible shoulder at 287 nm. The
third largest € peak for F1—4 apexes at 310 nm and likely stems
from the extended pi-conjugation of the fluorene functional
group in F-diacid and F-diol monomers—the lowest ¢ peak for
F1—4 apexes at 298 nm. The A,,,, values for S1—4 range from
238 to 256 nm (& = 600—2009 M~'.cm™), where S1 and S2
(containing the EG and HX monomers) have similar
absorption characteristics, S4 (containing the S-diol monomer)
somewhat resembles S1—2, and S3 (containing the F-diol
monomer) is unique from S1—3. The A, is 253 nm for S1
and S2, 238 nm for S3, and 256 nm for S4. The ¢ for S$4 is
much lower (600 M™'-cm™") than for S1—2 (1900—2000 M~
cm™") and has a more predominant left shoulder (236 nm for
S4 and 234 nm for S1—2). There are slight shoulders to the
right of 4., at 281 nm for S1, S2, and S3 and at 274 nm for
S1-2. The absorption characteristics for S3 are similar to F1—
3 with lower A, (238 nm vs 236—237 nm) and minor peaks
at higher wavelengths (287 and 310 nm). Similarities between
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S3 and F1-3 are reasonable, considering that S3 contains a
fluorene functional group akin to F1-3.

Ellipsometry demonstrates the interaction between incident
light and thin films of representative FBP and SBP samples
(refractive index, n). The F1—4 polymers have a higher average
n (n = 1.63) than S1—4 (n = 1.58) across all visible
wavelengths, as shown in Table 2. For example, at 587.56 nm,

Table 2. ng, ng, nc, and Abe Number (V) for F1—4 and S1—
4 Polymers

ng (587.6 nm) ng (486.1 nm) ne (656.3 nm) V.
F1 1.62 1.64 1.61 28.1
F2 1.60 1.62 1.59 25.0
E3 1.69 1.71 1.68 27.5
F4 1.63 1.65 1.62 24.2
S1 1.56 1.57 1.56 32.8
S2 1.56 1.58 1.56 28.1
S3 1.60 1.62 1.60 25.2
S4 1.59 1.61 1.59 29.6

a common wavelength for reporting refractive index, the n for
F1—4 ranges from 1.60 to 1.69, where F1 = 1.62, F2 = 1.60, F3
= 1.69, and F4 = 1.63. However, the n for S1—4 at the same
wavelength range from 1.56 to 1.60, where S1 = 1.56, S2 =
1.56, S3 = 1.60, and S4 = 1.59. The refractive index is the
highest for F3 and S3 (1.69 and 1.60, respectively), which
contain more fluorene monomer units than the other six
polymers (remembering that F3 comprises both the F-diacid
and the F-diol monomers, and S3 comprises the S-diacid
alongside the F-diol). The n values for F3 and S3 are higher
than those of the remaining polymers because of the greater
incorporation of aromatic groups. The overall high # values for
F1—4 and S1—4 stem from the aryl and sulfur groups. These
moieties have high molar refractivity and low molar volume,
which tend to increase a polymer’s refractive index.**™*'
Another consideration in assessing interactions between light
and polymer films, particularly in optical applications, is the
Abbe number, V. The Abbe number provides classification
values of glassy materials in terms of their chromaticity—the
quality of color. Vy is calculated according to eq 1

ng — 1
ng — ng (1)

where ny, np and nc are refractive index values at the
Fraunhofer d, F, and C spectral lines (587.56, 486.1, and 656.3
nm, respectively).*>** V; values for the FBP and SBP materials
in this work are low, ranging from 24.2 to 32.8; Table 2 (Table
2 also provides ny, ng, and nc). We antic'gate lower values
because of the high n for F1—4 and S1—4.%° For comparison,
V4 for polycarbonates, a common lens material with some
structural similarity, is ca. 34.** Further, the V; values for

fluorene and sulfone moieties typically range from ca. 30 to
50,4546

Vd=

4. CONCLUSIONS

We report eight new FBP and SBP polyesters, F1—4 and S1—4,
from two new monomers, 2,2'-(((9H-fluorene-9,9-diyl)bis-
(4,1-phenylene))bis(oxy))diacetic acid (F-diacid) and 2,2'-
((sulfonylbis(2,6-dimethyl-4,1-phenylene) )bis(oxy) ) diacetic
acid (S-diacid). We demonstrate the step-growth polymer-
ization feasibility of the new diacid monomers by pairing
individually with four different diols, ethylene glycol (EG), 1,6-

hexanediol (HX), 2,2’-(((9H-fluorene-9,9-diyl)bis(4,1-
phenylene) )bis(ethan-1-0l) (F-diol), and 2,2'-((sulfonylbis-
(4,1-phenylene) )bis(oxy) )bis(ethan-1-ol) (S-diol). By varying
the diol counterpart with the new F-diacid and S-diacid
monomers, we demonstrate the tunability of their glass
transition temperature, T, and the feasibility of polymerization
with monomers encompassing different steric bulk (lower for
EG and HX, and higher for F-diol and S-diol). Diacid
monomer yields are >58%. Polymer yields average 82%. M,,
values range from 17.3 to 77 kDa with an average D of 1.5. The
SEC of some samples exhibits a second small low-molecular-
weight peak or shoulder, suggesting incomplete polymerization
in those cases, which coincides with the moderate yields. All
new polyesters, F1—4 and S1—4, absorb light in the UV range,
with no absorption in the visible range; they display high
refractive indices, averaging n = 1.63 for F1—4 and n = 1.58 for
S1—4, with low Abbe numbers ranging from 24.2 to 32.8. The
cardo polymers reported in this work have the potential to
depolymerize through base-supported hydrolysis of ester
linkages. Our lab is conducting a comprehensive analysis of
the current materials’ depolymerization kinetics and structural
products following exposure to different environmental
stressors, which we plan to report on in due course. Finally,
the F-diol monomer exhibits antiestrogenic activity and is
cytotoxic at 100 uM doses against the T47D-KBLuc cell line in
both growth and estradiol-containing media. The S-diacid
monomer has some interaction with estradiol, making the
estradiol potentially more potent, which is undesirable
bioactivity. The negative bioactivity from both the F-diol and
the S-diacid occurred despite extending end groups on either
side of the fluorene and sulfone, respectively, which was done
in an attempt to mitigate the estrogenic bioactivity observed in
traditional fluorene and sulfone monomers, such as BPF,
BHPF, and BPS. Estrogenic bioactivity can lead to
developmental malformations, interfere with reproduction,
and increase cancer risk, among other disturbances. Thus,
results from these cell-line studies highlight the growing need
to comprehend the biological impacts of newly developed
materials, in addition to their conventional chemical and
material properties.
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