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ABSTRACT: In order to determine if the alternating tendency of styrene with fluorinated styrenes in free radical
copolymerizations correlates with the strength and/or extent-ef stacking interactions between aromatic
fluorocarbons and aromatic hydrocarbons, styrene (St) was copolymerized with 2,3,4,5,6-pentafluorostyrene (PFS)
and 4-fluorostyrene (4FS) under a variety of conditions. For the copolymerization of styrene with PF&at 25
rsfrs = 0.048 and 0.069 in bulk and toluene, respectively, ungbutylperoxy pivalate as the initiator. For the
copolymerization of styrene with PFS at 70 using benzoyl peroxide as the initiatogrrs = 0.17 in bulk and

rsfrs = 0.14 in toluene. For the copolymerization of styrene with 4F3Fs = 0.69 at 25°C under redox
conditions andsfrs = 0.62 at 70°C in bulk. As confirmed by'H, 3C, and°F one-dimensional NMR and

IH-13C heteronuclear single quantum coherence %hed'H nuclear Overhauser effect two-dimensional NMR
spectroscopy results, St and 4FS tend to form random copolymers whereas the St-PFS copolymers tend to alternate
with the alternating tendency increasing with decreasing temperature. The glass-transition temperatures determined
by differential scanning calorimetry of the St-PFS copolymers are elevated relative to their mole-average values,
whereas those of the corresponding homopolymer blends and the St-4FS copolymers occur at mole-average values.
The water and ethylene glycol contact angles of both the St-PFS and St-4FS copolymer films occur at their
mole-average values.

Introduction enhance the poling efficiency and temporal stability of elec-
Aromatic fluorocarbons interact with aromatic hydrocarbons trooptic materials® In spite of the ability of these interactions
by n—x stacking via areneperfluoroarene interactiorisin to profoundly affect the supramolecular ordering of a wide

contrast to pure benze%]@nd pure hexaﬂuorobenze?me/vhich Variety of materia's, the Strength af-m StaCking interactions

crystallizes primarily by an edge-to-face interaction of the between aromatic fluorocarbons and aromatic hydrocarbons are
electron-richr system with an electron-deficient hydrogen atom  quite weak, similar to that of a weak hydrogen bond, as recently
on another aromatic ring, hexafluorobenzene forms transient 1:1determined using heat capacity measurements-fieptané’
complexes with aromatic hydrocarbons such as ben%ene, and infrared spectroscopy in liquid kryptéhFor the combina-
toluene? andp-xylené by electrostatic interaction of its electron-  tions studied, the association enthalpy was highest for the 1:1
deficient aromatic ring with the electron-rich aromatic ring of complex of hexafluorobenzene with 1-methylnaphthalere)(8

the hydrocarbon. Benzene and hexafluorobenzene are alternately- 0.1 kJ/mol)1” The association enthalpies between hexafluo-
stacked face-to-face at a distance of 3.7 A within columns of robenzene and benzeneq.1 £ 0.9 kJ/mol), toluene+£8.8 +

their 1:1 mixture in both the solfdand liquid states. This 1:1 0.4 kJ/mol), and naphthalene 8.7 + 0.2 kd/mol) and between
complex of hexafluorobenzene and benzene melts aC24 pentafluorobenzene and 1-methylnaphthaler®.§ + 0.2 kJ/
which is higher than the melting point of either benzene (5.5 mol) were the same within experimental error; the association
°C) or hexafluorobenzene (). Hexafluoroobenzene also forms  enthalpy of the 1:1 complex of pentafluorobenzene and benzene
1:1 complexes with mesﬂy_lehé (mp —45°C) and 2-methylj was significantly lower £4.4 + 0.2 kJ/mol)t’

naphthalene(mp 35°C), which are stable enough to crystallize . . .
from ether; the complexes have significantly higher melting !N @ddition to the recent microcalorimetry and IR measure-
points (mp 34 and 56C, respectively) than their constituents. Ments of the strength af—z stacking interactions between
Similarly, hexafluorobenzene forms a 1:1 complex with 1- aromatic fluorocarbons and aromatic hydrocarbons, the ability

methylnaphthalene (mp22 °C), which melts at a significantly ~ Of these two types of aromatic structures to interact and/or

higher temperature (mp 10) than either componegt. complex has been studied using the excess voltfaas excess
Suchz—z stacking interactions between aromatic fluorocar- enthalpie®® of mixing, vapor pressure measuremefitsnd

bons and aromatic hydrocarbons have been used to engineephase diagrams of their mixturé8?2which sometimes show

crystal structure§,orient reactants for polymerizati&hand an elevated melting point of the 1:1 complex relative to the
photodimerizatioft in the solid state, generate one-dimensional melting temperatures of the pure aromatic fluorocarbon and
ribbon structure®? provide physical cross-links,stabilize liquid aromatic hydrocarbon. However, these thermodynamic measure-
crystalline phase¥ influence electronic propertié8, and ments require very careful experimentation and often demanding
procedures, such as the IR spectroscopy in liquid krypton
* To whom correspondence should be addressed. described in ref 18.
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Scheme 1. Two Explanations for Formation of Alternating Copolymers ; = r, = rir, = 0) in Free Radical Copolymerizationg
Complex Formation
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aLUMO is the lowest unoccupied molecular orbital, HOMO is the highest occupied molecular orbital, and SOMO is the singly occupied molecular
orbital.

This paper investigates the free radical copolymerization zation behavior of styrene with fluorinated styrenes at the two
behavior of styrene (St) with 2,3,4,5,6-pentafluorostyrene (PFS) extreme levels of fluorination in bulk at different temperatures
and 4-fluorostyrene (4FS) as an alternative method for deter-and in the presence of a solvent.
mining the ability of aromatic fluorocarbons to interact with
aromatic hydrocarbons, which has the added benefit of generat-Experimental Section
ing lsolgtable new_mater_lals that may have some of the desirable Materials. tert-Butylperoxy pivalate (Pfaltz and Bauer, 75%
properties® of typical ahphgmc.fluoropcl)lymers', such as low solution in mineral spirits), 2,6-dert-butyl-p-cresol (butylated
surface energy, low refractive index, high optical clarity, and/ pyqroxytoluene, BHT, Aldrich: 99.8%), dimethylaniline (Aldrich,
or high UV, thermal, and chemical stabilities. In particular, the ggos), [1,3-(diphenylphosphino)propane]nickel(ll) chloride (NiCl
strength of ther—a stacking interactions between styrenes and (dppp), Strem, 99%), and 1-bromo-4-fluorobenzene (Aldrich, 99%)
fluorinated styrenes may be correlated with their tendency to were used as received. Benzoyl peroxide (BPO, Acros, 85%) was
alternate in free radical copolymerizations. That is, if styrene recrystallized from a solution of chloroform and methanol (25:75
and the fluorinated styrene form a complex as exemplified in V/v) below 25°C and stored in a freezer at—10 °C. Magnesium
Scheme 1, addition of the two monomers into the growing turnings (Acros, 98%) were ground with a mortar and pestle and
copolymer should be concerted, thereby generating an alternath€ated overnight (15 h) in vacuo at temperatures between 100 and

; ; : - e 140°C. 2,3,4,5,6-Pentafluorostyrene (Acros or Oakwood, 97%) and
ing copolymer in which the monomer reactivity ratios= r, ! 0 .
= 11> = 0 (11 = ku/kio and s = koolkor: kaz and ks are the styrene (Aldrich, 98%) were passed through short columns of basic

i) activated alumina (Aldrich, 158m mesh size, 58 A pore size) to
rate constants of homopropagatida, and k1 are the rate o 6ve inhibitor immediately before each (co)polymerization. Vinyl

constants of cross-propagaticti)f styrene and the fluorinated  promide (Aldrich, 95%) was dried by passing it through a drying
styrene have only weak—s stacking interactions or do not  tube containing calcium chloride and phosphorus pentoxide.
interact, their copolymerization behavior should tend toward a Reagent-grade diethyl ether was dried by distillation from purple
random copolymer in whiclhy = r, = rir, = 1. Although the sodium benzophenone ketyl undey. Wiglyme (Acros, 99%) was
tendency of styrene and the fluorinated styrene to alternatedistilled from CaH in vacuo. Synthesis of the poly(2,3,4,5,6-
should also be consistent with the optimum cross interactions Pentafluorostyrene) (PPFS) used for thermal analysis and contact
of the frontier molecular orbitals of vinyl monomers substituted andle measurements was described previcigh.other reagents
with electron-withdrawing (lower energy molecular orbitals) and and solvgnts were commercnally available and used as received.
electron-donating groups (higher energy molecular orbitals) as | echniques. All reactions were performed under & fdtmo-

also shown in Scheme 2, formation of 7—= complexes sphere using a Schlenk line or a Vacuum Atmospheres drybox

. . _unless noted otherwise. Elemental analysis was performed on a PE
between comonomer pairs may be detected by a concentration,, ,,y'sqries || CHNS/O Analyzer. Qualitatidel (300 MHz) and
solvent, and/or temperature dependence of the reactivity ra-

0426 o L i . 9713C (75 MHz) NMR spectrad, ppm) were recorded on a Mercury
tios**26since copolymerization reactivity ratios (or at least their 3qq spectrometer. ABH and*C NMR spectra were recorded in

products’) are generally independent of these variables in the cDCl,, and the resonances were measured relative to residual
absence of complexation or specific interactions involving solvent resonances and referenced to tetramethylsilane. In copo-
monomer(sy2 This paper therefore compares the copolymeri- lymerizations of PFS and styrene, the monomer conversions were
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determined by*H NMR spectroscopy witm-butyl acetate as the
internal standard from the intensities of the PFSH4€resonance
at 6.1 (d) and the styrene H{== resonance at 5.25 ppm (d), relative
to that of the ®&1,0,C resonance afi-butyl acetate at 4.1 ppm (t).

Macromolecules, Vol. 40, No. 23, 2007

and NiCh(dppp) (0.21 g, 0.39 mmol) and dry diethyl ether (60 mL
used to rinse the reaction flask) were added. After removing the
assembled Parr reactor from the drybox and purging it withioK
approximately 5 min, vinyl bromide (42 g, 0.39 mol) was condensed

The St-PFS copolymer compositions were calculated by determininginto the reactor at<c—50 °C. The solution was stirred at room
the area per styrene proton from the sum of its aromatic resonancesemperature for 12.5 h. After purging the solution with fdr 1 h

at 6.6 and 7.1 ppm (broad s), and the area per PFS proton byand exposing it to air for 2.5 h to remove residual vinyl bromide,
subtracting the contribution of the three styrene protons from the it was poured into diethyl ether (300 mL), and ag HCI (10% v/v,

overlapping styrene and PFS alkyl resonances at4.8 ppm; the

100 mL) was added dropwise over 30 min. The organic layer was

contribution from the water in the solvent was also subtracted. The separated, washed twice with satd ag NaHC8D mL) and twice
mol % yield of the recovered St-PFS polymer was determined from with water (50 mL), and dried over MgSOAfter filtering, BHT
the weight of the recovered copolymer and its composition using was added, the solvent was distilled from the filtrate, and then 21

eq 1.

% yield=
wt of copolymer

___ — « 100
(initial wt of Fs x 2 FS in copolyme mej+ (initial wt of St x Z2.Stin copolyme me}
(1

)

100 100

In copolymerizations of 4FS and styrene, the monomer conver-

sions were determined By1 NMR spectroscopy with diglyme as
the internal standard from the intensities of the 4F$-Gesonance

at 5.7 (d) and the styreneHz= resonance at 5.9 ppm (d), relative
to that of the—CHg; resonance of diglyme at 3.4 ppm (s). The St-

g (61%) of 4FS was collected as a colorless liquid by trap-to-trap
vacuum distillation.’H NMR: 5.21 (d, HGHyans), 5.65 (d,
HCHs=), 6.67 (dd, G1=), 7.00 (dd, two aromatic H ortho to F),
7.37 (d, two aromatic H meta to F)3C NMR: 113.4 CHy=),
115.5 (two aromatic C3), 128.0 (two aromatic C2), 134.0 (aromatic
C1), 135.9 CH), 161.1 and 164.4G—F).

Homopolymerization of Styrene.Polystyrene (PSt) was syn-
thesized for thermal analysis and comparison to the St-PFS
copolymers by first degassing a solution of BPO (70 mg, 0.29
mmol) in styrene (3.0 g, 29 mmol) in a round-bottom glass reactor
(7 mL) sealed to a glass tube by four freepeimp—thaw cycles.
The tube was then flame-sealed under vacuum. After stirring in an

4FS copolymer compositions were calculated by determining the oil bath at 70°C for 25 min, the polymerization was quenched by
area per styrene proton from the aromatic resonance at 7.1 ppmimmersing the flask into ice water before breaking the tube. The
(br s), and the area per 4FS proton by subtracting the contribution polymerization mixture was diluted with THF (approximately 5
of the two styrene protons from the overlapping styrene and 4FS mL), precipitated in methanol (25 mL), collected, and dried in-

aromatic resonances at 6:6.8 ppm. The mol % yield of the

vacuo at room temperature to yield 0.35 g (11%) of PSt as a white

recovered St-PFS polymer was determined from the weight of the powder;M,, = 2.12 x 10% pdi = 1.89.

recovered copolymer and its composition as above using eq 1.
19F NMR (282 MHz) spectra were recorded on either a Mercury
300 or a Gemini 300 spectrometer in eitmebutyl acetate (using
either acetonel; or dimethyl sulfoxideds to lock the signal) or
CDCl; and referenced to trifluoroacetic acid. Quantitai@€ (97

MHz) NMR spectra were recorded on an INOVA 400 spectrometer

in 10 mm probe tubes with 25800 mg of polymer in 34 mL

PSt (3% yield) was synthesized for comparison of its thermal
behavior to that of the St-4FS copolymers using the same procedure
except that a different batch of BPO was used and the polymeri-
zation time was 30 minM,, = 4.93 x 10% pdi = 1.90.

The PSt (84% yield) used in the blends with PAFS was also
synthesized by the same procedure except that a different batch of
BPO was used and the polymerization time was 2#Mh= 3.53

of CDCl. Gradient heteronuclear single quantum coherence , 1y pdi = 1.85.

(HSQC) spectra were recorded on an INOVA 400 spectrometer,
and nuclear Overhauser effect spectra (NOESY) were recorded on
a Unity-INOVA 750 spectrometer.

Molecular weights relative to linear polystyrene were determined
by gel permeation chromatography (GPC) from calibration curves

Homopolymerization of 4-Fluorostyrene.Poly(4-fluorostyrene)
(P4FS, 2% yield) was synthesized from 4FS (1.2 g, 10 mmol) for
thermal analysis and comparison to the St-4FS copolymers using
the same procedure as in the homopolymerization of styrene except

of log M, vs elution volume at 38C using tetrahydrofuran (THF)
distilled from LiAIH,4 as the solvent (1.0 mL/min), a set of 50, 100,
500, and 10 A and linear (56-10* A) Styragel 5um columns, a

Waters 486 tunable UV/vis detector set at 254 nm, and a Waters

410 differential refractometer. A Perkin-Elmer Pyris 1 differential

that 0.3 mol % initiator (BPO) was used, the polymerization time
was 45 min, and the polymerization was quenched by immersing
the flask into liquid N before breaking the tubéyl, = 5.27 x

104 pdi = 1.47.

The P4FS (71% yield) used in the blends with PSt was

scanning calorimeter was used to determine the glass-transitionsynthesized by the same procedure except that a different batch of

temperaturesTs), which were read as the middle of the change
in heat capacity. All heating and cooling rates were°@@min.

Transition temperatures were calibrated using indium and zinc or

benzophenone standards.

BPO was used and the polymerization time was 7Mh:= 8.63
x 10% pdi= 2.86.

Copolymerization of Styrene and 2,3,4,5,6-Pentafluorostyrene
in Bulk at 70 °C. The copolymerizations were performed using

Water contact angles were determined using a Rame Hart NRL- comonomer feed compositions of-50 mol % styrene and 95
100 contact angle goniometer equipped with an environmental 10 mol % PFS as in the following example. After removing a small
chamber and a tilting base mounted on a vibrationless table aliquot for'H NMR measurement of the monomer/internal standard

(Newport Co.). A 1QuL droplet of deionized water was placed on

(n-butyl acetate) ratio, a solution of styrene (0.16 g, 1.5 mmol),

the surface of a film, and the static contact angle was measured 30PFS (0.29 g, 1.5 mmol), BPO (7.3 mg, @thol), andn-butyl acetate
s later. Each reported value is the average of four independent(5.8 mg, 50umol) in a round-bottom reactor (7 mL) sealed to a
measurements. The sample films were made by spin coating orglass tube was degassed by four freegemp—thaw cycles, and

depositing five drops of a solution of copolymer in toluese2¢o
wi/w) on a silicon wafer, evaporating the solvent in air, and drying
the film in vacuo at 75C for 1 h.

Synthesis of 4-Fluorostyrene4FS was synthesized in 351%
yield as in the following example. A solution of 1-bromo-4-
fluorobenzene (50 g, 0.29 mol) in dry diethyl ether (90 mL) was
added dropwise ovet h to amixture of magnesium (8.0 g, 0.33
mol) and a catalytic amount of iodine, and the reaction mixture
was stirred at reflux for 17 h. After cooling to room temperature,
the resulting solution was degassed by four freqaemp—thaw

then the glass tube was flame-sealed under vacuum. After stirring
in an oil bath at 70°C for 25 min, the copolymerization was
quenched by immersing the flask into ice water before breaking
the tube. A small aliquot was taken fé# NMR analysis of the
monomer conversions (10 mol % of both). The copolymerization
solution was diluted with THF (1 mL) and then precipitated in
methanol (15 mL). After storing for 20 h at room temperature, the
precipitate was collected in a fritted glass filter and dried in vacuo
at room temperature to yield 13 mg (6 mol %) of a white
electrostatic solidV, = 4.71 x 10% pdi= 2.30; 57 mol % styrene,

cycles, decanted into the glass sleeve of a Parr reactor in the drybox43 mol % PFS.
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Copolymerization of Styrene and 2,3,4,5,6-Pentafluorostyrene
in Bulk at Room Temperature. The room-temperature bulk

copolymerizations of styrene and PFS were performed as above

except thatert-butylperoxy pivalate was used as the initiator instead

of BPO, the comonomers and internal standard were cooled in an

ice bath prior to addition of the initiator, the copolymerization time
was 2.5 h, and the precipitated copolymers were storeebatC
for 20 h before collecting the precipitate.

Copolymerization of Styrene and 2,3,4,5,6-Pentafluorostyrene
in Toluene at 70°C. The copolymerizations in toluene at 7G
were performed as in the bulk copolymerizations at@0except

that toluene was used as the internal standard, the copolymerization *
time was 35 min, the copolymerizations were quenched by

immersing the flask into liquid Nbefore breaking the tube, and

the precipitate generated in methanol was collected almost im-

mediately.

Copolymerization of Styrene and 2,3,4,5,6-Pentafluorostyrene
in Toluene at Room Temperature.The room-temperature solution

copolymerizations of styrene and PFS were performed as in the

bulk copolymerizations at 70C except thattert-butylperoxy
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pivalate was used as the initiator instead of BPO, the comonomersFigure 1. *H NMR spectra of poly(2,3,4,5,6-pentafluorostyrene), P(St-
and internal standard were cooled in an ice bath prior to addition ¢0-PFS) with 40, 54, and 68 mol % St, and polystyrene synthesized

of the initiator, and the copolymerization time was 3 h.

Copolymerization of Styrene and 2,3,4,5,6-Pentafluorostyrene
at Room Temperature under Redox Conditions.The copoly-

merizations were performed using comonomer feed compositions

of 40—90 mol % styrene and 6610 mol % PFS as in the following
example. After removing a small aliquot f&d NMR measurement

of the monomer/internal standard (diglyme) ratios, a solution of
styrene (1.9 g, 18 mmol), PFS (0.39 g, 2.0 mmol), BPO (5.8 mg,

24 umol), andN,N-dimethylaniline in diglyme (0.67 M, 39 mg, 29

umol) in a round-bottom reactor (7 mL) sealed to a glass tube was

degassed by five freezgoump—thaw cycles, and then the glass

tube was flame-sealed under vacuum. After stirring in an oil bath

at 25 °C for 2.5 h, the copolymerization was quenched by
immersing the flask into liquid Nbefore breaking the tube. A small
aliquot was taken folH NMR analysis of the monomer conversions
(<1 mol % of both). The copolymerization solution was precipitated
in methanol (25 mL), collected in a fritted glass filter, and dried in
vacuo at room temperature to yield 37 mg (2 mol %) of a white
electrostatic solidM,, = 7.10 x 10% pdi= 2.16; 78 mol % styrene,
22 mol % PFS. 5.8 mg, 24mol

Copolymerization of Styrene and 4-Fluorostyrene at 70C.
The copolymerizations with 4FS at 7€ were performed as in
the bulk St-PFS copolymerizations at 70 except that diglyme

by radical (co)polymerization of 2,3,4,5,6-pentafluorostyrene (PFS) and/
or styrene (St) in bulk at 70C for 25 min using 1 mol % benzoyl
peroxide as the initiator; asterisk (¥} CHCls.

Scheme 2. Synthesis of 4-Fluorostyrefe

Br MgBr
Mg, |2, Etzo Br
reflux, 21 h NiClx(dppp)
25°C,125h F

adppp= 1,3-(diphenylphosphino)propane.

Results and Discussion

Synthesis of 4-Fluorostyrene Although 4-fluorostyrene is
commercially available, we synthesized it much more economi-
cally by a nickel-catalyzed Kumaéfacoupling of the Grignard
reagent of 1-bromo-4-fluorobenzene with vinyl bromide using
NiCly(dppp) as the catalyst (Scheme 2).

Free Radical Copolymerization Reactivity RatiosIn order
to determine the viability of this copolymerization approach for
qualitatively measuring the strengthsof-sr stacking interactions
between aromatic hydrocarbons and aromatic fluorocarbons, we

was used as the internal standard, 0.3 mol % initiator (BPO) was jhyestigated the copolymerization of styrene with fluorinated

used, the copolymerization time was 30 min, the copolymerizations

were quenched by immersing the flask into liquid Refore

breaking the tube, and the precipitate generated in methanol wa

collected almost immediately.

Copolymerization of Styrene and 4-Fluorostyrene at Room
Temperature. The room-temperature copolymerizations of styrene

styrenes at the two extreme levels of aromatic fluorination:
2,3,4,5,6-pentafluorostyrene and 4-fluorostyrene. We first used

SBPO as the initiator at 70C because it is an efficient initiator

for PFS?° in contrast to azobisisobutyronitrile. For bulk
copolymerizations at 70C in reactors that were flame-sealed

and 4FS were performed as in the St-PFS copolymerizations atunder vacuum, 25 and 30 min was a sufficient amount of time

room temperature under redox conditions.

Preparation of Polymer Blends.Blends of PSt and PPFS were
prepared as in the following example for an equimolar blend.
Polystyrene (20 mgM, = 2.12 x 104 pdi = 1.89, 0.19 mmol
repeat units) and PPFS (37 ni, = 4.85x 10 pdi= 1.68, 0.19
mmol repeat units) were dissolved in THF (5.8 mL) and stirred for

to recover a minimum amount of isolatable St-PFS and St-4FS
copolymers, respectively, yet maintain comonomer conversions
at <10 mol % in order to minimize compositional drift.
(Copolymerization of an equimolar mixture of PFS and St at
70 °C for 2 h resulted in 60% monomer conversions.) Both
monomer conversions and copolymer compositions were de-

26 h. The solvent was evaporated at atmospheric pressure, and theermined by!H NMR spectroscopy and are listed in Tables S1
blend was dried in vacuo to constant weight (two 24 h cycles) to 3nd S2 of the Supporting Information for the St-PFS and St-

yield 41 mg (87% yield) of the blend. _  4FS copolymerizations, respectively.
Blends of PSt and P4FS were prepared as in the following

example. Polystyrene (90 mil, = 3.53 x 10% pdi= 1.85, 0.86
mmol repeat units) and P4FS (10 mg, = 8.63 x 10% pdi =
2.86, 0.082 mmol repeat units) were dissolved in CIACI5 mL).

The next day the blend was precipitated in methanol (25 mL),

collected in a fritted glass filter, and dried in vacuo~&0 °C to
yield 91 mg (90%) of a blend with 87 mol % PSt and 13 mol %
P4FS.

Figure 1 compares th#H NMR spectra of three of the St-
PFS copolymers with those of PSt and PPFS. The alkyl
resonances of PPFSare similar to those of free-radically
synthesized PS8t but shifted downfield by approximately 0.5
ppm, with the G, resonance of PPFS at 2.0 ppm vs 1.5 ppm
for PSt, the mr+ rr CH resonance of PPFS at 2.4 ppm vs 1.9
ppm for PSt, and the mmHKCresonance of PPFS at 2.75 ppm
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BPO

J\A 100% St = * = 0 i
J\/\ . £ 70°C, 25 min

F
JJL53% St My M

'J \ 0%|St
2 | 0

ppm
Figure 2. *H NMR spectra of poly(4-fluorostyrene), P(&-4FS) with
27, 53, and 66 mol % St, and polystyrene synthesized by radical (co)-
polymerization of 4-fluorostyrene (4FS) and/or styrene (St) in bulk at
70 °C for 30 min using 3 mol % benzoyl peroxide as the initiator;
asterisk (*)= CHCls.

vs a downfield shoulder on the 1.9 ppm resonance for PSt. We
determined the styrene content of the St-PFS copolymers from
the sum of the integrals of the aromatic resonances at 6.6 and
7.1 ppm, and the PFS content from the integral of the resonances
in the alkyl region at 1.32.8 ppm after subtracting the
contribution of the styrene units from the alkyl region. Many !
of the St-PFS copolymer compositions determinedibWMR
spectroscopy were confirmed by elemental analysis (Table S3),
as also listed in Table S1.
Figure 2 compares thtH NMR spectra of three of the St- B | , , :
4FS copolymers with those of PSt and P4FS. The alkyl
resonances of P4RSare similar to those of free-radically 0 02 04 06 08 1

synthesized PStbut shifted upfield by approximately 0.2 ppm, C
with the CH, resonance of P4FS at 1.3 vs 1.5 ppm for PSt, and
the mr+ rr CH resonance of P4FS at 1.6 vs 1.9 ppm for PSt. 100
Since the resonance at 7.1 ppm due to the meta and para protons
on the aromatic rings of the styrene units is resolved, we 80 )
determined the styrene content of the St-4FS copolymers from 60 °
its integral, and the 4FS content from the integral of the aromatic FSt
resonances at 6:-36.8 ppm after subtracting the contribution 401
of the styrene units. 20-
We calculated the monomer reactivity ratios from the
copolymer compositions at low comonomer conversions using 0 T T T T
the FinemarRoss3? Kelen—Tudos3* and nonlinear least- 0 20 40 60 80 100
square® methods. The FinemarRoss equationG = r;F — f
rp) is a rearranged version of the terminal copolymerization St
equatiod® in which bothG (G = [x(y — 1)]ly) andF (F = Figure 3. Fineman-Ross (topy = 0.71% — 0.345), Kelen-Tiidos
x2ly) are functions of the feed ([M, [M 2], x = [M 1J/[M 2]) and (middle;y = 1.34« — 0.702), and Maye Lewis (bottom) plots used to
copolymer compositionsd[M1], dM2], y = d[M4]/d[M]).33 determine the monomer reactivity ratios in the radical copolymerization

s : : (25 min) of styrene (M) and 2,3,4,5,6-pentafluorostyrene {hh bulk
The reactivity ratios calculated from the slope and intercept of 3,°5 50 using 1 mol % benzoyl peroxide (BPO) as the initiafer:

the FinemarRoss plot presented in Figure 3 for the St-PFS and Fg, are the mole fraction of styrene in comomomer feed and

copolymerization in bulk at 70C arer; = rg;= 0.72 andry = copolymer, respectively.
rers = 0.34 (1r2 = 0.24), respectively.

The Kelen-Tudos equation{ = [r1 + (r/a)]E — (r2/a), in function of comonomer feed according to the instantaneous
which » = G/(a. + F) and{ = F/(a. + F)) modifies the copolymerization equation of the terminal model by minimizing
Fineman-Ross equation with an arbitrary constanttypically the sum of the squares of the differences in the observed and

o = (F4FL)Y2in which Fy4 andF, are the highest and lowest calculated copolymer compositiofslt is considered the most
values ofF, respectively) to distribute the data points evenly statistically correct method for determining reactivity ratios at
over the range of the abscis¥alhe reactivity ratios calculated low conversiort’ We used the KeleaTudos reactivity ratios
from the intercepts af = 1 and 0, respectively, of the Kelen as starting values for minimizing the nonlinear least-squares
Tudos plot presented in Figure 3 are= rs;= 0.64 andr, = errors in the Maye-Lewis copolymer composition plots. The
rers= 0.27 {1r> = 0.17). (The calculated parameters for both reactivity ratios that best fit the Mayed_ewis plot in Figure 3
equations are listed in Table S4 of the Supporting Information.) for the St-PFS copolymerization in bulk at 7Q arer; = rg;

In contrast to the FinemarRoss and KelenTudos linear- = 0.62 andr, = rpgs= 0.28 (ir, = 0.17).
ization methods, the nonlinear least-squares method uses an Figure 4 presents the corresponding plots for the St-4FS
iterative procedure to find the pair of reactivity ratios that best copolymerization at 70C; the calculated parameters for the
fits the experimentally observed copolymer composition as a Finemanr-Ross and KelenTldos plots are listed in Table S5
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BPO Table 1. Comonomer Reactivity Ratios (s, res) and Their Products
= o= 70°C. 30 min’ x y Determined by the Nonlinear Least-Squares Curve-Fitting Method
' in the Radical Copolymerizations of Styrene (St) with
O O 2,3,4,5,6-Pentafluorostyrene (PFS) and 4-Fluorostyrene (4FS)
r r reactivity ratios
M Mo conditions Ist TFs I'sfFs
St-PFS
70°C, bulk 0.62 0.28 0.17
10 70°C, toluene 0.47 0.30 0.14
8 60°C, bullé 0.43 0.22 0.095
25°C, bulk 0.22 0.22 0.048
6 - 25°C, toluene 0.30 0.23 0.069
G 4 St-4FS
° 70°C, bulk 0.84 0.74 0.62
21 o 25°C, redox 1.0 0.69 0.69
04 aFrom ref 39 using azobisisobutyronitrile as the initiator and the
24 : : | : Finemanr-Ross method of calculation.
0 2 4 6 8 10 erization, in contrast to 4FS and styrene. Nevertheless, as
F mentioned in the Introduction, the correlation between the

tendency to alternate in radical copolymerizations and the known
ability of aromatic fluorocarbons to interact with aromatic
hydrocarbons byr—x stacking interactions may be fortuitous
and simply the result of the optimum cross interactions of the
frontier molecular orbitals of PFS and styrene (Scheme 1).
In order to try to determine ik—s complexation influences
the St-PFS copolymerization, we investigated the effect of
temperature on the St-PFS and St-4FS copolymerizations and
the effect of dilution on the St-PFS copolymerization. Table 1
T T T T summarizes the nonlinear least-squares reactivity ratios of the
0 02 04 06 08 1 St-PFS and St-4FS copolymerizations under different copolym-
C erization conditions using the Mayd.ewis plots presented in
Figures 3, 4, S1 and S2 and the data summarized in Tables S1
100 and S2 of the Supporting Information; Table S6 summarizes
the Kelen-Tudos reactivity ratios that were used for the starting
80+ values for the nonlinear least-squares calculations, and the data
60 - ® used for the KelenTudos plots (Figures 3, 4, S1, and S2) are
FSt summarized in Tables S4 and S5 of the Supporting Information.
40+ Table 1 also includes the reactivity ratios reported in the
204 literature for the free radical copolymerization of PFS and
styrene at 60C using AIBN as the initiato?? In bulk, PFS

0 T T T T has little tendency to homopropagates(~ 0.24) at 25, 60, or

0 20 40 60 80 100 70°C, in contrast to styrene whose tendency to homopropagate
f increases with increasing temperaturg € 0.22-0.62). The

) ) St consistency of these trends indicates that the difference in the

Figure 4. Fineman-Ross (topy = 0.961x — 0.853), Kelen-Tudos products of the reactivity ratios of PFS and styrene reported in

(middle;y = 1.71x — 0.845), and Maye Lewis (bottom) plots used to . .
determine the monomer reactivity ratios in the radical copolymerization Table 1 is not due to experimental error and that the product of

(30 min) of styrene (M) and 4-fiuorostyrene (b in bulk at 70°C the reactivity ratios varies with temperature. This implies that
using 3 mol % benzoyl peroxide (BPO) as the initiafigrandFs; are the strength and/or extent of the—x stacking interactions

the mole fraction of styrene in comomomer feed and copolymer, petween styrene and PFS decrease with increasing temperature.
respectively. In contrast, the individual reactivity ratios of styrene and 4FS
of the Supporting Information. In this case,= rs;= 0.96 and reported in Table 1 are similar at 25 and°f@ and the products

ro = raps= 0.85 {1r, = 0.82) according to the FinematRoss of the reactivity ratios therefore do not vary with temperature;
plot, r1 = rgt = 0.86 andry = rses = 0.72 fir, = 0.62) the copolymerizations of 4FS and styrene at Z5 were

according to the KelenTudos plot, and; = rs;= 0.84 andr, performed using a redox systéhof approximately equimolar

= r4es = 0.74 (1r2 = 0.62) according to the nonlinear least- BPO andN,N-dimethylaniline?!

squares fit of the MayelLewis plot. The products of the The trend in the effect of dilution on the St-PFS copolymer-
reactivity ratios of 4FS and styrene approach 1 at0and izations is less consistent than that with temperature. Although

therefore confirm that the comonomer pair with the minimum toluene is an aromatic hydrocarbon that should compete with
level of fluorination approaches a random distribution of styrene forr—m complexation with PFSipesis only slightly
comonomer units; these values are the reverse of those cited irhigher in the presence of toluene than in bulk at@Qwhereas
the literature®® In contrast, the products of the reactivity ratios rs;is slightly lower in toluene than in bulk, with the product of
of styrene and PFS approach zero at€@&nd therefore confirm  the two reactivity ratios being similar at 7C. At 25°C, rpgs

that the comonomer pair with the maximum level of fluorination is the same in bulk and in the presence of toluene, whegas
tends to alternate. These results are therefore consistent withis greater in toluene than in bulk with the product of the
PFS and styrene forming—s complexes during the copolym-  reactivity ratios being slightly higher in toluene than in bulk.
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Figure 5. 13C NMR spectra in the aromatic region of poly(2,3,4,5,6-
pentafluorostyrene), P(86-PFS) with 40, 54 and 68 mol % St, and
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Figure 6. 13C NMR spectra of poly(4-fluorostyrene), P(&+4FS) with
27, 53 and 66 mol % St, and polystyrene synthesized by radical
(co)polymerization of 4-fluorostyrene (4FS) and/or styrene (St) in bulk
at 70°C for 30 min using 3 mol % benzoyl peroxide as the initiator;

polystyrene synthesized by radical (co)polymerization of 2,3,4,5,6- asterisk ()= CHCL.

pentafluorostyrene (PFS) and/or styrene (St) in bulk at@Gor 25
min using 1 mol % benzoyl peroxide as the initiator.

NMR Characterization of the Copolymers. Although we
used™™ NMR spectroscopy primarily to determine the copoly-
mer compositions, even théd NMR spectra of the St-PFS b! d c' 77% St
copolymers containing 40%, 54%, and 68% styrene units . M‘\q o ﬂ\. | ’
presented in Figure 1 have unique resonances compared to those
of the two homopolymers. These unique resonances are presum-
ably due to the heterodyads of the predominantly alternating
comonomer sequences. In particular, thél,Cresonances
(farthest upfield) are positioned between those of the two
homopolymers and shift more upfield the higher the styrene
content. The aromatic resonances of the copolymers appear at
the same positions as those of PSt, although they lack the fine b'
structure exhibited by the homopolymer. In contrast, the alkyl
resonances of PSt, P4FS, and their copolymers overlap, as,

Shown by thé.H NMR Spectra presented In Flgure 2’ although =130 -132 -134 -136 -138 -140 -142 -144 -146 -148 -150 -152 -154 -156 -158 -160 -162 -164 -166 -168 -170 -172 -174 -176 -178

the intensities of the resonance at 1.7 ppm are lower than ppm

expected based on weighted additions of the spectra of the twoFigure 7. °F NMR spectra of poly(2,3,4,5,6-pentafluorostyrene)
homopolymers. The aromatic resonances of the St-4FS copoly-and P(Steo-PFS) with 46 and 77 mol % St synthesized by radical
mers appear as a sum of those of the two homopolymers, albeit(g?)90'36’"'?(“2538?822*32";'5'§'pe”.taﬂ“1°r05}yor/e%e (PFSI) a”dlo.:ftyre”e
with a very slight downfield shift toward the aromatic resonances t(he)ilr:]itialilor.a or 25> Min using = mot o benzoy! peroxide as
of polystyrene as the styrene content increases.

Figure 5 shows the aromatic region of the quantitatit@ resonances of the styrene units. In contrast!¥8eNMR spectra
NMR spectra of the same five St-PFS samples presented inof the St-4FS copolymers seem to be simply a sum of the spectra
Figure 1. The full3C NMR spectra are presented in Figure S3 of the two homopolymers (Figure 6).
of the Supporting Information; the alkyl regions of the spectra  The!°F NMR resonances of the PFS-St copolymers are also
are similar to that of the homopolymer of the more abundant shifted relative to those of the PPFS homopolymer (Figure 7)
monomer, although the methine resonances are broader in theand appear as split or multiple resonances rather than singlets
copolymers. (The compositions determined from*#@&NMR as with the homopolymer. In contrast, tHE NMR spectra of
spectra agree very well with those determinedbly NMR the St-P4S copolymers are nearly identical to that of the P4FS
spectroscopy.) All of the aromatic resonances are influenced homopolymer (Figure 8). Th®F NMR resonance of the P4S-
by the alternating tendency of the sequence distribution in the St copolymers shift very slightly upfield (0.8 ppm for the
St-PFS copolymers. In particular, the resonances due to the ipsacopolymer containing 66 mol % styrene) with increasing styrene

c'

b
| /\ da J\ 46% St

d' c'

0% St

carbons §) on the styrene units shift upfield, while those of
the corresponding carbora) on the PFS units shift downfield

content relative to that of the P4FS homopolymer and is slightly
broader for the copolymers.

and either split or appear as more than one resonance. There is The one-dimensionaH, 13C, and!®F NMR results therefore

also a new resonance appearing between those df &melc

confirm that the sequence distributions of the two types of
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(mm CH) in the homopolymers. Therefore, the HSQC spectrum
of PSt homopolymer or a copolymer with longer sequences of

O O styrene homodyads would have cross-peaks at the intersections
of 1.5 and 44.2CH,) and 1.9 and 40.4 ppnCH). The HSQC
* F spectrum of PPFS homopolymer or a copolymer with longer

sequences of PFS homodyads would have cross-peaks at the
intersections of 2.0 and 38.CK,), 2.4 and 32.0 (m#+ rr CH),

and 2.75 and 32.0 ppm (m@H). The lack of cross-peaks at
these five positions in the HSQC spectrum of the St-PFS
539% St copolymer confirms that long sequences of either homodyad
are not present in the St-PFS copolymers. Instead, the cross-
peaks are shifted, evidently due to the alternating tendency of

66% St

s

A27% St the two comonomer units.
Figure 10 presents tHeél—1H NOESY spectrum of the same
x St-PFS copolymer containing almost equimolar amounts of
0% St styrene and PFS. This spectrum identifies nonbonded protons
-80 -90 -100 -110 -120 that are located withi 5 A of each other with the intensity of
ppm the cross-peaks being inversely proportional to the sixth power

Figure 8. 19F NMR spectra of poly(4-fluorostyrene) and P(Rt4FS) of the distance between the two nuclei; the diagonal corresponds
with 27, 53 and 66 mol % St synthesized by radical (co)polymerization to the 1-dimensionalH NMR spectrum, and the areas above

of 4-fluorostyrene (4FS) and/or styrene (St) in bulk at°Tfor 30 and below the diagonal containing the cross-peaks of through-
min using 3 mol % benzoyl peroxide as the initiator; asterisk<*)  space correlations are symmetric. The three cross-peaks at the
trifluoroacetic acid. intersections of 1.8/2.2, and 1.75/2.5 and 1.8/2.75 ppm cor-
a b a ¢ respond to €&,—CH protons on the backbone and are therefore
—foH G foH—CH — consistent with E&,Ar.—CHPh and ®,Ph—CHArg hetero-
| St dyads, respectively. Two cross-peaks also appear at the intersec-
RLF tion of 6.6 and 1.75, and 6.6 and 1.6 ppm involving the ortho

aromatic protons on styrene and the alkyl protons on the
backbone of the copolymer. The similarity of the intensities of
the two cross-peaks indicates that the two types of interactions
occur with similar frequency and/or that they do not involve
one AH—CH; and one AH—CH interaction. The only other

e option is that both cross-peaks involveHr CH; interactions,
evidently involving AH—CH,Ph correlations within a single
styrene repeat unit (6.6/1.6 ppm cross-peak) and-ACH,-

Arg correlations within a heterodyad (6.6/1.75 ppm cross-peak).
The slightly higher intensity of the upfield cross-pedk) (at
6.6/1.6 ppm relative to the downfield cross-peak at 6.6/1.75 ppm

323
343

P M M S R A S S i (b) is also consistent with the somewhat greater tendency of
F1 (ppm) styrene to homopropagates{= 0.62) compared to PFSgs
Figure 9. Expanded region of th&H(F2)—13C(F1) gradient hetero- = 0.28) at 70°C. Therefore, the two-dimensional NMR results
nuclear single quantum coherence spectrum of poly(styei3,4,5,6- are also consistent with the sequence distribution of the St-PFS

Y i . . . .
Eopolymarzation of syrene and 2.3.4,56-pemaflucrostyrens for 25 min COPOIymers being primarily alternating,
in bulk at 70°C using benzoyl peroxide (1 mol %) as the initiator. Thermal Properties of the Copolymers.One copolymer

property that may be influenced by interactions between the

copolymers are different, which according to the reactivity ratios two types of repeat units is the glass-transition temperéture.
are primarily alternating in the St-PFS copolymers and primarily Figures 11 and 12 plot th@gs of the St-PFS and St-4FS
random in the St-4FS copolymers. The alternating tendency of copolymers, respectively, as a function of copolymer composi-
the St-PFS copolymers is further supported by two-dimensional tion. All of the copolymers exhibit a single glass transition. Since
NMR analysis. Figure 9 presents a gradiéHt—3C HSQC the glass-transition temperature of a copolymer varies with both
spectrum, which identifies directly bonded protons and carbons, composition and molecular weight, the difficulty with such plots
of the St-PFS copolymer with almost equimolar amounts of is choosing the correct homopolymers for comparison. We found
styrene and PFS. It includes only the copolymer backbone regionthat the most reasonable results are obtained using homopoly-
of the spectrum, which provides information about the sequencemers produced under exactly the same conditions as the
distribution of the styrene and PFS units, and does not include copolymers, including polymerizing for approximately the same
the aromatic region, which corresponds only te-i€ bonds amount of time and using initiator that has been similarly aged.
within the styrene aromatic rings. According to tH€ NMR The number-average degrees of polymerization and polydis-
spectra of PSt and PPFS in Figure S3, the styrene resonancepersities of each sample are listed in Tables 2 and 3. Since the
are at 40.4CH) and 44.2 ppmCH,), and the PFS resonances St-PFS and St-4FS copolymerizations were performed at
are at 32.0 CH) and 38.0 ppm CHy) in the homopolymers.  different times and for slightly different amounts of time, the
According to thelH NMR spectra of PSt and PPFS in Figure molecular weights of the two homopolystyrenes are different.
1, the styrene resonances are at 1.B{Cand 1.9 ppm (me- With one exception, the polydispersities of the St-PFS copoly-
rr CH, including a downfield shoulder for mmH, and the mers (pdi= 2.0-2.6) are slightly higher than the St-4FS
PFS resonances at 2.0Hg), 2.4 (mr+ rr CH), and 2.75 ppm copolymers (pdi= 1.6—2.0).
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Figure 10. Full and expanded region of the nuclear Overhauser effect
spectroscopy spectrum of poly(styrez@2,3,4,5,6-pentafluorostyrene)
with 54 mol % styrene produced by radical copolymerization of styrene
and 2,3,4,5,6-pentafluorostyrene for 25 min in bulk at°@using
benzoyl peroxide (1 mol %) as the initiator.
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Figure 11. Comparison of the glass-transition temperatures of poly-

(styreneeo-2,3,4,5,6-pentafluorostyrene) copolymers (top) produced by
radical copolymerization of styrene and 2,3,4,5,6-pentafluorostyrene
(PFS) for 25 min in bulk at 70C using benzoyl peroxide (1 mol %)

as the initiator and blends of the corresponding homopolymers (bottom)
as a function of composition.
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Figure 12. Glass-transition temperatures of poly(styree4-fluo-
rostyrene) copolymers produced by radical copolymerization of styrene
and 4-fluorostyrene (4FS) for 30 min in bulk at 70 using benzoyl
peroxide (3 mol %) as the initiator as a function of composition.

PSt homopolymers as a function of composition. Although there
are enough intermolecular—x stacking interactions for the
two homopolymers to be miscible, they are not strong enough
or frequent enough to elevate thgrelative to the mole-average
values.

In contrast to the St-PFS copolymers, the glass-transition
temperatures of the St-4FS copolymers (Figure 12) are repre-
sented by their mole-average values, which is consistent with
both the random distribution of comonomer units and weak or
nosr—a stacking interactions between the two types of aromatic

The glass-transition temperatures of the St-PFS copolymersrings. Also in contrast to the blends of PSt and PPFS, the blends

(Figure 11) increase with increasing PFS content. With the

exception of the copolymers containing small amounts of PFS,

of PSt and P4FS are immiscible (Table S7) as reported
previously*3 This further demonstrates that the- stacking

the Tys are elevated relative to the mole-average glass-transitioninteractions between the two types of aromatic rings are weak
temperatures of the two corresponding homopolymers. This is or nonexistent.

consistent with stiffening of the copolymer backbone by
intramolecularr—s stacking interactions between alternating

Surface Properties of the CopolymersAs discussed in the
Introduction, the fluorinated copolymers may have one or more

aromatic hydrocarbon and aromatic fluorocarbon rings. It is not of the desirable properties typical of polymers based on aliphatic
due to increasing molecular weight with increasing PFS content; fluorocarbons, including low surface energies, which can be
for example, the copolymer (21 mol % St) with the highest measured indirectly using water contact anglég.{* Figure

positive deviation of the glass transition has the lowest molecular 13 plots the water contact angles summarized in Table S8 for
weight. Figure 11 also plots this of blends of the PPFS and  toluene-cast films of the St-PFS and St-4FS copolymers. The
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Table 2. Molecular Weight and Thermal Characterization of the 105
Copolymers Produced by Radical Copolymerization of Styrene (St) 9
and 2,3,4,5,6-Pentafluorostyrene for 25 min in Bulk at 70°C Using 95‘%
Benzoyl Peroxide (1 mol %) as the InitiatoP o 85
= 3
mol% GPC E‘ 75
St in comonomer mol% ©
feed Stin copolymer M, x 104 DP, pdi Tg(°C) 65-
100 100 2.12 204 1.89 100.1
90 88 570 517 217 100.1 55 U —
80 82 392 345 240 998 0 20 40 60 80 100
70 76 4.32 369 2.04 1014 mol% St
60 62 3.74 296 205 101.9 Figure 13. Comparison of the mean water (solid symbols) and ethylene
50 57 4.71 362 2.30 103.1 glycol (open symbols) contact angles of poly(styreoe2,3,4,5,6-
40 46 692 500 213 1044 hopafiyorostyrene) copolymers (circles) and poly(styremé-fluo-
30 44 5.20 370 240 106.0 rostyrene) copolymers (triangles) as cast from toluene on a silica surface
20 38 6.40 440 223 106.1 and dried fo 1 h at 75°C; error bars represent the standard deviations
10 35 4.70 316 260 1075 from four replications per sample. The copolymers were produced by
5 21 4.40 260 2.61 108.9 radical copolymerization in bulk at 7 using benzoyl peroxide {43
0 0 4.85 250 168 106.0 mol %) as the initiator as a function of composition.

a Number-average molecular weightd), number-average degrees of ) ]
polymerization (DR), and polydispersities (pdi M/M,) measured by gel this comonomer pair tends to alternate, whereas the copolym-

permeation chromatography (GPC) in tetrahydrofuran relative to linear erization of styrene with 4-fluorostyrene tends to form a random
polystyrene using the mean of the refractive index and UV detectors; glass- copolymer ThelH. 13C. and°F and two-dimensional NMR
transition temperaturélg) determined by differential scanning calorimetry . ’ ' L

results confirm that the sequence distributions of the two types

as the mean of values from the second and third heating scans°&¥/ 10 - h
min; copolymer composition determined Bi# NMR analysis of the of copolymers are different. Although formation of—n

copolymer after removing unreacted monomers by precipitating the complexes apparently contributes to the alternating tendency
copolymer. of styrene and PFS as detected by a slight variation of the
monomer reactivity ratios with temperature, the lack of a diluent

Table 3. Molecular Weight and Thermal Characterization of the - e
and/or solvent effect on the reactivity ratios indicates that the

Copolymers Produced by Radical Copolymerization of Styrene (St)

and 4-Fluorostyrene for 30 min in Bulk at 70 °C Using Benzoyl contribution ofr—s complexation is small and that the tendency
Peroxide (3 mol %) as the Initiator? to alternate is primarily due to the influence of the aromatic
mol% GPC rings on the frontier molecular orbitals. of the vinyl groups.
St in comonomer mol% Regardless of the reason for formation of an alternating
feed Stin copolymer M, x 1074 DP, pdi T4(°C) copolymer, the tendency of styrene and fluorinated styrenes to
100 100 4.93 473 190 1020  Aalternate in free radical copolymerizatioosrrelateswith the
90 88 5.02 474 162 101.3 strength and/or extent of their—s stacking interactions when
79 83 4.30 403 3.10 1037 considering the two extreme levels of fluorination using
72 66 455 415 187 1056 2 34 5 6-pentafluorostyrene and 4-fluorostyrene. In addition, the
?18 gg g:;g 2‘112 i:% 18‘51:? elevation of the glass-transition temperatures of the St-PFS
51 49 4.22 375 1.94 1055 copolymers relative to their mole-average values and the
23 27 2.70 231 1.68 106.0 miscibility of the corresponding homopolymer blends also
1 16 3.78 318 163 106.0 demonstrate that the two types of aromatic rings form strong
0 0 527 432 147 1083 m—m stacking interactions compared to those of the St-4FS

2 Number-average molecular weightd), number-average degrees of ~ copolymers, which have glass transitions at the mole-average
polymerization (DR), and polydispersities (pe Mw/Mn) measured by gel  temperatures and immiscible homopolymer blends. Therefore,
permeation chromatography (GPC) in tetrahydrofuran relative to linear the free radical copolymerization behavior and thermal behavior

polystyrene using the mean of the refractive index and UV detectors; glass- . .
transition temperaturég) determined by differential scanning calorimetry of the resulting copolymers and blends of fluorinated and non-

as the mean of values from the second and third heating scans at 10fluorinated styrene derivatives can be used to qualitatively
°C/min; copolymer composition determined By NMR analysis of the evaluate the strength and/or extentiefsr stacking interactions
COPO:ymer after removing unreacted monomers by precipitating the petween aromatic fluorocarbons and aromatic hydrocarbons. In
copolymer. contrast, the water and ethylene glycol contact angles of the
. copolymers are linear functions of the molar copolymer
water contact angles of the St-PFS copolymers are higher thanco?npz/)sition regardless of the strength and/or extenfﬂf)z/
those of the St-4FS copolymers due to the greater hydrOphObiC'stackin interactions
ity of the PFS units. In both cases, the water contact angles 9 '
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Supporting Information Available: Tabulated copolymer

compositions, copolymerization results, and data used to determine

copolymer reactivity ratios by the FinemaRoss, Keler-Tudos,

and nonlinear least-squares methods from the St-PFS and St-aF$21)
copolymerizations; tabulated reactivity ratios determined by the
Kelen—Tudos method and used as the starting values for minimizing
the nonlinear least-squares errors in the copolymer compositions
as a function of comonomer feed composition for the St-PFS and
St-4FS copolymerizations; tabulated glass-transition temperatures
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