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Reactions of Polystyryl Anions with Poly(chlorotrifluoroethylene)

Film at the Solution—-Solid Interface!
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ABSTRACT: Reaction of poly(chlorotrifluoroethylene) (PCTFE) film with polystyryllithium, (polystyryl-
butadienyl)lithium, and (polystyrylthio)lithium in solutions in contact with the PCTFE film produces mod-
ified polymer surfaces containing polystyrene covalently attached to the PCTFE film surface. The struc-
ture of the polystyrene-grafted product depends on the identity of the terminal lithium reagent, the reac-
tion solvent, and the reaction temperature. Polystyryllithium in THF solution reacts with PCTFE
predominantly by reduction to render an extensively reduced carbonaceous product containing C=C and
C=C; very little polystyrene is incorporated. Polystyryllithium in benzene solution reacts with PCTFE
predominantly by addition of polystyrene; no reduction product was observed. (Polystyrylbutadienyl)lith-
ium reacts with PCTFE to yield a range of modified structures that depend on the reaction solvent. Reac-
tions in benzene, benzene/hexane, THF /benzene, and hexane/ THF yield thin films of attached polysty-
rene, the thickness of which depends on solvent composition and reaction temperature. Reaction in THF
yields a soluble graft copolymer that dissolves in the reaction solution. (Polystyrylthio)lithium in THF
reacts with PCTFE to yield modified surfaces containing polystyrene, the thickness of which depends on
reaction time and temperature. Very thick modified layers (>3000 A) can be prepared, and there is no

evidence of graft copolymer dissolution. No reaction occurs when benzene is used as the solvent.

Introduction

We have begun a research program to study the adsorp-
tion, from solution, of polymers containing functional
groups (indicated by Y in eq 1) to polymer surfaces that
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have been specifically functionalized (X, eq 1) to inter-
act with groups on the dissolved polymer. By control-
ling the density and location of functional groups, the
molecular weight, and the solution properties (adjusting
temperature and solvent composition) of the dissolved
polymer, we hope to develop the means to manipulate
the structure of the adsorbed layer and the properties of
the solid polymer surface. Our first experiments in this
regard do not involve interactions between discrete func-
tional groups as indicated in eq 1 but rather the attach-
ment of polymer chains by reaction of one end with the
solid polymer to form covalent bonds. These experi-
ments are extensions of our work on poly(chlorotrifluo-
roethylene) (PCTFE) surface modification®* and at the
time of their conception were thought to be simplified
cases of the experiments described in eq 1.
Alkyllithium reagents react with PCTFE film to incor-
porate alkyl groups on the polymer chains near the film
surface (eq 2). Lithium reagents 1-3 were used to intro-
duce alcohol, aldehyde, and carboxylic acid functional-
ities, respectively, onto the PCTFE surface,* and several
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aspects of these reactions impact on the work reported
here: The product surfaces are a mixture of structures
B and C (eq 2); for example, quantitative X-ray photo-
electron spectroscopy (XPS) indicates that, for lithium
reagent 1, the product surface consists of 80% C and 20%
B.5® In general, the depth of the reaction (thickness of
the resulting modified layer) depends on (at least) three
factors: the structure of the lithium reagent, the reac-
tion temperature, and the reaction solvent.? Lithium
reagents 2 and 3 in heptane/THF mixtures react surface
selectively (the outermost 10-60 A of the film reacts com-
pletely within the first 5 min of reaction, and little fur-
ther reaction occurs subsequently), and the thicknesses
of the modified layers can be controlled with reaction
temperature. Lithium reagent 1 in heptane/THF does
not react with PCTFE surface selectively at any temper-
ature, and the depth of reaction can be controlled from
~50 A to 1500 A by varying reaction time and temper-
ature. The depth of reaction of PCTFE with 2 is strongly
dependent on the solvent composition (proceeds deeper
with a higher THF content), but the reaction of 3 is only
weakly solvent-dependent. These observations suggest
that the extent to which the solvent interacts with the
product is a major feature of the reaction that deter-
mines the thickness of the modified layer.

This paper describes studies of the reactions of PCTFE
film with polymeric lithium reagents (end functional poly-
styryl anions) in solutions in contact with the polymer
film samples. This polymer grafting reaction, in princi-
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ple, offers certain advantages over the usual methods for
grafting a thin polymer film on a solid polymer sub-
strate. The usual methods are centered around the cre-
ation of radical species at and near the solid surface in
the presence of or before being exposed to free radically
polymerizable monomers.”?> UV or higher energy radi-
ation is the most common means for surface radical gen-
eration, but thermal, mechanical, photochemical, plasma,
and wet chemical methods have also been used. The struc-
ture of these “grafted from” polymer films is difficult to
control and characterize. The molecular weight, molec-
ular weight distribution, attachment site, and cross-link
density of the grafted film as well as the structure (cova-
lent bond density, diffuseness) of the interface are gen-
erally unknowns. In contrast, if end functional poly-
styryl anions of known molecular weight and molecular
weight distribution were “grafted to” the surface of PCTFE
by using the chemistry detailed in eq 2, the above-men-
tioned factors would not be unknown and could be con-
trolled. These were the objectives of this research.
There are no reports of grafting polystyryl anions to
synthetic polymer surfaces; however, a range of surfaces
including wood,'® glass,'” carbon black,'® and salt cry-
stals'® have been modified by this method. Polystyryl
anions have been grafted to halogen- or carbonyl-
containing synthetic polymers in solution.20-24

Experimental Section

Materials. PCTFE film (5-mil Aclar 33C) was obtained from
Allied. Film samples (typically 1 X 2 cm) were extracted with
refluxing dichloromethane (30 min) and dried (<0.05 mm) until
constant mass (£1 ug) was achieved on two gravimetric analy-
ses 24 h apart. This procedure renders film samples that are
free from contaminants detectable by any of the analytical tech-
niques used. Film samples were stored in Schlenk tubes under
nitrogen or attached to a vacuum manifold. Styrene (Aldrich)
was dried with calcium hydride and distilled from calcium hydride
just prior to use. Butadiene (Matheson) was dried over cal-
cium hydride at -23 °C, distilled trap-to-trap, dissolved in THF
or benzene (0.10~0.35 M butadiene), and stored in Schlenk tubes
in the freezer. Ethylene sulfide (Aldrich) was dried over and
distilled from calcium hydride. THF was distilled from sodium
benzophenone dianion; benzene was distilled from sodium ben-
zophenone dianion or calcium hydride; hexane and toluene were
distilled from calcium hydride. sec-Butyllithium (Aldrich) was
used as received and titrated periodically with 4-biphenyl-
methanol.?® 12-Crown-4 (Aldrich) was used as received and stored
in a dessicator.

Methods. Dynamic contact angles were measured with a
Rameé-Hart telescopic goniometer and doubly distilled water as
the probe fluid. Advancing (6,) and receding (6g) angles were
determined as water was added and removed, respectively, from
the drop with a Gilmont syringe. The data reported are aver-
ages of at least six measurements made on different positions
of the film samples. Attenuated total reflectance infrared (ATR
IR) spectra were obtained by using an IBM 38 FTIR at 4 cm™
resolution and a germanium 45° internal reflection element. The
spectra were ratioed against a spectrum of the internal reflec-
tion element. UV-vis spectra were recorded by using a Perkin-
Elmer Lambda 3A spectrophotometer; transmission spectra were
obtained by using a film-holding attachment. X-ray photoelec-
tron spectra were obtained by using a Perkin-Elmer Physical
Electronics 5100 spectrometer with Mg Ka excitation (300 W).
The pressure in the analysis chamber was 107%-10° mm dur-
ing data acquisition. The chemical shifts reported are approx-
imate as the samples charged variably and were not charge neu-
tralized. Survey spectra were recorded with a pass energy of
89.45 eV; spectra of the C,, region were recorded with a pass
energy of 71.55 eV. Gravimetric analyses were performed in
air by using a Cahn 29 electrobalance stabilized with a polo-
nium source. The balance is accurate to £0.2 ug; we estimate
that our results are accurate to =1 ug. Gas chromatography
(GC) was performed with a Hewlett-Packard 5790A gas chro-
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matograph at 80-160 °C using an Analabs 10 ft X !/, in. 15%

.AN 600 column. Molecular weight determinations were made

by gel permeation chromatography (GPC) using Polymer Lab-
oratories PL gel columns (10%, 103, and 10? A), a Rainin Rabbit
pump, a Knauer 98 refractive index detector, and toluene as
the mobile phase. GPC data accumulation and analyses were
performed by using Interactive Microware GPC software, an
Apple Ile computer, and calibration with polystyrene stan-
dards.

Polystyryl Anion Syntheses. Styrene (1.0-2.0 mL, 8.7-
17.4 mmol) and THF or benzene (25-75 mL) were introduced
to a dry, nitrogen-purged Schlenk tube and equilibrated to the
temperature used for polymerization (-78 °C for THF, 4 °C to
room temperature for benzene). The appropriate amount, for
the desired molecular weight, of sec-butyllithium was added,
and the polymerization was allowed to proceed to completion.
After 30 min GC indicated that no styrene remained; in prac-
tice, the living polystyrene was used for subsequent reactions
30 min to 8 h after initiation. End capping with butadiene or
ethylene sulfide was accomplished by titrating to disperse the
bright orange living polystyryl anion color with butadiene or
ethylene sulfide solution.

Reactions of PCTFE with Polystyryl Anions. A tared
PCTFE film sample was placed in a Schlenk tube that was then
purged with nitrogen for 15 min and equilibrated to the desired
reaction temperature.?® Polystyryl anion solution (which was
also equilibrated to the reaction temperature (~20 mL) was
added to the reaction vessel. After the desired reaction time,
one of two workup procedures was followed: For butadiene-
terminated polystyryllithium reactions, a few drops of ethanol
were added, the solution was removed from the flask via can-
nula, and the film sample was washed with toluene (5 X 20
mL), methanol (5 X 20 mL), and then hexane (5 X 20 mL) and
dried (<0.05 mm) to constant mass. For other reactions, the
reaction solution was removed and the film sample was washed
with reaction solvent (3 X 20 mL), water (3 X 20 mL), and then
hexane (2 X 20 mL) and dried (<0.05 mm) to constant mass.

Solvent Swelling of PCTFE Film. PCTFE film samples
(1 X 2 ¢cm) were tared, soaked in solvent for 1 h, removed from
the solvent, dried under a stream of nitrogen for 5 min, and
reweighed. Results were determined as a percent mass gain.
Experiments were performed in triplicate, and the reported val-
ues are averages; reproducibility was within 0.002% mass gain.

Results

Each of the results that follows pertains to a reaction
of PCTFE film with one of three polystyryl anions: poly-
styryllithium (PS-Li), butadiene-end-capped polystyryl-
lithium (PS-B-Li), sulfur-end-capped polystyryllithium
(PS-S-Li). Each is prepared by anionic polymerization

Li Li S-Li
a W j*\(r
T 1 I

PS-Li PS-B-Li PS-S-Li

of styrene using sec-butyllithium as the initiator in THF
or benzene. PS-B-Li and PS-S-Li%" were prepared by
titrating the colored living PS-Li with butadiene and eth-
ylene sulfide, respectively. We chose film as the PCTFE
substrate form for convenience. It is commercially avail-
able free of additives and amenable to our characteriza-
tion techniques.

Reactions with film samples were carried out in ~50-
mL Schlenk tubes with a large opening sealed with an
O-ring joint (which facilitated introduction and removal
of film samples) and a Teflon stopcock connected to a
ground-glass joint. The joint was fitted with a rubber
septum to allow introduction and removal of reagents
and solvents via syringe or cannula or connected directly
to a vacuum manifold to dry film samples.

Solvent Swelling Experiments. To assess the rela-
tive solvent affinity of PCTFE for the solvents used in
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Table I
Solvent Swelling Experiments

solvent % mass gain
THF 0.27
hexane/THF (67:33 0.19
THF /benzene (75:25) 0.10
THF/benzene (50:50) 0.06
benzene 0.01
benzene/hexane (35:65) 0.00

this study, crude, but practical swelling tests were per-
formed. Tared film samples were treated with solvent
for 1 h, dried in a stream of nitrogen for 5 min, and
reweighed. The results, reported as percent mass gain,
are in Table L.

Reactions of PCTFE with PS-Li. At the outset of
this research effort, we foresaw that the reaction of PS-
Li with PCTFE film would be an example of the chem-
istry in eq 2 and that polystyrene would be terminally
attached to the PCTFE surface in the product. We antic-
ipated the formation of a thin film of polystyrene (~10-
1000 A) on the PCTFE film surface and planned exper-
iments to control the diffuseness of the PS-PCTFE inter-
face and the PS film thickness by adjusting solvent
composition and PS molecular weight.

This simple scenario was not realized. In THF (a sol-
vent in which the reaction in eq 2 is unexceptional for
1-3) at room temperature, PS-Li (n = 50;2% 0.02 M) reacts
rapidly with PCTFE film to yield dark colored film sam-
ples that continue to darken to pitch black with further
reaction. Decreasing the concentration of PS-Li to 0.004
M or the reaction temperature to —78 °C slows the reac-
tion, but the same color changes (as well as all other mea-
sured changes) occur, however the rate is diminished. This
observation is in sharp contrast to reactions of PCTFE
with all other lithium reagents that we have investi-
gated: no visible color change is observed when PCTFE
film is reacted with 1-3, methyllithium, or phenyllith-
ium under essentially identical conditions. Figure 1 shows
a plot of the absorbance at 310 nm vs reaction time for
PCTFE film samples treated with PS-Li (n = 50; 0.004
M) at room temperature for different time periods. These
data establish that the reduction reaction is not surface-
selective and proceeds with little retardation into the bulk
of the film. The UV-vis spectrum is broad with no fine
structure and tails through the visible region, indicating
an extended conjugated w-system. The wavelength value
of 310 nm was chosen to obtain the plot in Figure 1; this
was an arbitrary choice except for its indication of extent
of reactions other than polystyrene addition.2*3! Gravi-
metric analysis indicates a gradual and steady mass loss
with reaction time. An extensively reacted sample lost
~33% of its initial mass. Quantitative determinations
of reaction extents cannot be made with these gravimet-
ric data due to competing mass losses (due to reductive
dehalogenation and perhaps graft copolymer dissolution—
see below) and mass gains (due to polystyrene addition);
however, taken together with the spectroscopic informa-
tion, these data qualitatively indicate extensive dehalo-
genation and very deep reactions. XPS indicates that
fluorine is absent (<1% atomic composition) from the
outer 40 A. Contact angles (4,/6z = 97°/15°) exhibit
large hysteresis, indicating a rough surface. Figure 2 exhib-
its an ATR IR spectrum of a PCTFE film sample that
had been (extensively—17 h) reacted with PS-Li (n =
50; 0.35 M) in THF at room temperature. The spec-
trum shows the presence of a small amount (relative to
other features) of polystyrene indicated by aromatic C-
H stretching at 3100-3000 cm™ but also aliphatic C-H
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Figure 1. Plot of absorbance (310 nm) vs reaction time for the
reaction of PCTFE film with PS-Li (n = 50; 0.004 M) in THF
at room temperature.
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Figure 2. ATR IR spectra of (a) virgin PCTFE film and (b)

PCTFE film which had been reacted with PS-Li (n = 50; 0.35
M) in THF at room temperature for 17 h.
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Figure 3. Plots of absorbance (310 and 230 nm) vs reaction
time for the reaction of PS-Li (n = 50; 0.022 M) in benzene at
room temperature.

at 3000-2850 cm™ (more than is expected from the poly-
styrene), conjugated C=C at 2200-2000 cm™, conju-
gated C=C at 1650-1500 cm™, hydroxyl groups at 3420
em™, and carbonyls at 1710 cm™. The hydroxyl and car-
bonyl groups can be ascribed to reactions occurring in
the aqueous workup.?2 The C=C and C=C indicate an
extensively reduced carbonaceous product similar, in terms
of structural features, to benzoin dianion reduced poly-
(tetrafluoroethylene)® and sodium naphthalide reduced
poly(tetrafluoroethylene-co-hexafluoropropylene).??

We offer, as an explanation for the anomalous reactiv-
ity of PS-Li, the competitive (with PS-Li addition) reduc-



Macromolecules, Vol. 23, No. 2, 1990

tion of the difluoroolefin intermediate (B in eq 2) by PS-

Li via essentially the same mechanism proposed for poly-
(tetrafluoroethylene) reduction.®® This mechanism leads
to a cross-linked structure containing double and triple
bonds; eq 3 gives an abbreviated mechanism. The steric

PS
crosslink by addition

toC C or C=C

addition \
Li
PS/\( 1 .

reductlon &/ _—_b- /V @)

F +e-, -F" e
B -7

-C=C-~

requirements for addition of the secondary benzylic poly-
meric lithium reagent allow reduction to compete effec-
tively.

When benzene is used as the solvent for the reaction
of PCTFE with PS-Li, the reaction course is very differ-
ent than with THF as the solvent and occurs in a fash-
ion similar to that of the lithium reagents depicted in eq
2. No visible color change occurs upon reaction. Figure
3 shows plots of absorbance (at 310 and 230 nm) vs reac-
tion time for PCTFE samples reacted with PS-Li (n =
50; 0.022 M) in benzene at room temperature. Very lit-
tle increase in absorbance was observed at 310 nm (these
data are included to compare with the results in THF);
the data at 230 nm indicate a surface-selective and autoin-
hibiting reaction in which the surface reacts completely
within 1 h and no subsequent reaction occurs. This type
of kinetics is the same as that observed for reaction of 2
or 3 (eq 2) with PCTFE. Gravimetric analysis shows no
measurable mass change upon reaction. Contact angles
for all reacted samples were indistinguishable, and 6,/
fg = 96°/71°. PCTFE exhibits contact angles of 6, /6y
= 104°/80°. ATR IR spectra for samples reacted for 1,
3, and 36 h were likewise indistinguishable and show no
indication of the reductive dehalogenation that was
observed in the reactions carried out in THF. Figure 4
displays a representative ATR IR spectrum. Features
expected for polystyrene (3061, 3027, 2924, 1601, 1493,
1452, 760, 701 cm™!) and PCTFE (1286, 1192, 1122, 964
cm™!) are present as well as a broad absorbance (3600
3200 cm™), indicating the presence of hydroxyl groups.
XPS spectra of all reacted samples were also indistin-
guishable, and a representative spectrum along with a
spectrum of PCTFE is shown in Figure 5. Upon reac-
tion, the F,, (692 V), Cl,, (274 ¢V), and Cl,, (204 V)
photoelectron lines dramatlcally decrease in intensity. A
small amount of oxygen is introduced (534 eV), and the
C,, intensity increases and shifts from 297 to 287 eV.
The small peak at 293 eV in the reacted sample spec-
trum (b inset) is a * — #* shape-up satellite due to the
aromatic carbons in polystyrene. These spectra were
recorded at a takeoff angle of 75° (from the sample sur-
face) and indicate the atomic composxtlon of the outer
~40 A of the surface. The C:F ratio in this region is
18:1, implying that this region is predominantly polysty-
rene. The C:F ratio measured at a takeoff angle of 15°
(measures composition of outer ~10 A) is 50:1, and the
difference between these two ratios demonstrates a com-
position gradient across the outer 40 A with increasing
fluorine concentration and decreasing polystyrene con-
centration at greater depths.
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Figure 4. ATR IR spectrum of PCTFE film that had been

reacted with PS-Li (n = 50, 0.27 M) in benzene at room tem-
perature for 1 h.
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Figure 5. XPS spectrum of (a) PCTFE film and (b) PCTFE

film which had been reacted with PS-Li (n = 50; 0.22 M) in
benzene at room temperature for 36 h.
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Figure 6. Plot of absorbance (310 nm) vs reaction time for the
reaction of PCTFE film with PS-B-Li (n = 50, 0.004 M) in THF
at room temperature. The plot without data points is for PS-
Li, reproduced from Figure 1.

Reactions of PCTFE with PS-B-Li. In order to
increase the relative rate of polystyrene addition over
reductive dehalogenation (eq 3) and permit a greater lat-
itude of solvent choice, PS-Li was end-capped with buta-
diene to form a primary allylic carbanion (PS-B-Li) that
has less steric congestion. The experiment described in
Figure 1 was repeated by using PS-B-Li instead of PS-
Li. The results are shown in Figure 6. No visible color
change occurs upon reaction, and the absorbance increase
at 310 nm levels after an initial burst. This behavior is
typical of most lithium reagents and suggests a surface-
selective and autoinhibiting reaction.
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Figure 7. Change in mass vs reaction time for PCTFE film
samples reacted with PS-B-Li (n = 50; 0.004 M) in THF at
room temperature.

Gravimetric analysis, however, demonstrates that the
reaction is not surface-selective. Figure 7 shows the change
in mass upon reaction of PCTFE film samples treated
with PS-B-Li (n = 50; 0.004 M) at room temperature for
various extents of time. Film samples that were allowed
to react for times less than 20 min increased in mass,
but at longer reaction times mass loss was observed. A
sample that was allowed to react for 96 h lost 67% of its
initial mass. No indication of extensive reductive deha-
logenation was observed by visible inspection, UV-vis,
or ATR IR, and we surmised that dissolution of the prod-
uct graft copolymer was responsible for the mass loss.
UV-vis, ATR IR, and XPS spectra of film samples reacted
for various times showed no indication of this material
loss: all were consistent with a thin film of polystyrene
being incorporated in a surface-selective reaction. Con-
tact angle values were 8, /6 = 97°/70°.

The dissolution of the product (polystyrene-grafted
PCTFE) in THF is not unreasonable and, in retrospect,
should have been anticipated. THF is a good solvent
for polystyrene, and though it is a nonsolvent for PCTFE,
PCTFE grafted with enough polystyrene should be sol-
uble. Isolation of this graft copolymer from the reaction
mixture (which contains a huge excess of PS-B-Li) would
be difficult or impossible, so to accomplish this isolation
the reaction was carried out in a © solvent for polysty-
rene (and, as well, as nonsolvent for PCTFE) and the
graft copolymer was isolated by extracting the isolated
film with THF. A PCTFE film sample was allowed to
react with PS-B-Li (n = 50; 0.005 M) in hexane/THF
(67:33) at room temperature for 48 h. The film sample
was then extracted with hexane/THF (67:33) to remove
unreacted PS-B-Li and then extracted with THF. A res-
idue was isolated from the THF extract and analyzed by
XPS and GPC. XPS of a film cast on a glass slide indi-
cated that fluorine (>2% atomic composition) was pres-
ent® in the residue. GPC analysis showed this material
to elute with a retention volume characteristic of poly-
styrene with a molecular weight of 390 000 (n = 3750).
These analyses are consistent with a THF-soluble graft
copolymer, and its presence strongly suggests that its dis-
solution is responsible for the mass losses described above.

The effects of reaction temperature, PS-B-Li concen-
tration, and PS-B-Li molecular weight were investigated
in some detail, but none of these variables significantly
altered the reaction course. Varying the PS-B-Li con-
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Figure 8. Change in mass vs reaction time for PCTFE film
samples reacted with PS-B-Li (n = 50; 0.004 M) at room tem-
perature in hexane/THF (67:33) (a), THF /benzene (75:25) (@),
THF/benzene (50:50) (O), benzene (¢), and benzene/hexane
(35:65) (m).

centration over 2 orders of magnitude (n = 50; 0.0004-
0.04 M) showed that the reaction is roughly first-order
in [PS-B-Li], but the same maximum mass gains were
observed at each concentration and mass losses were
observed at long reaction times in each case. Reaction
temperature likewise affects the kinetics of the reaction
but not the outcome. Reactions were carried out at room
temperature, —23 °C, -63 °C, and -78 °C (n = 50; 0.004
M PS-B-Li). Lower temperatures are expected to decrease
PCTFE chain mobility and PCTFE-THF interactions
and thus reduce reaction depths and mass gains.* On
the other hand, lower temperatures may decrease graft
copolymer solubility and increase modified layer thick-
nesses and mass gains. What is observed is that lower
temperatures decrease the rate of mass gain (initially)
and the rate of mass loss (at longer times). A film sam-
ple reacted for 90 h at —78 °C had lost 14 ug/cm?, which
corresponds to a sample reacted at room temperature for
~30 min. The maximum mass gain for a film sample
reacted at 78 °C was 41 ug/cm? after 21-h reaction;
this is a similar maximum value to that obtained for reac-
tion at room temperature. Varying molecular weight of
PS-B-Li over 3 orders of magnitude (n = 5, 50, 500,
5000%%) does not grossly affect the rate of mass change
or the ultimate mass gain. These results suggest that
solubilization of PCTFE requires a limiting weight per-
cent of polystyrene grafted to it and that graft copoly-
mer swelling and dissolution control the rate of the reac-
tion.

The reaction solvent plays a more important role in
determining the product structure than the variables dis-
cussed above. Figure 8 shows plots of the mass change
vs reaction time for PCTFE film samples reacted with
PS-B-Li (n = 50; 0.004 M) at room temperature in vari-
ous solvents and solvent mixtures. Each plot demon-
strates a marked difference in reaction course from the
reaction in THF. In hexane/THF (67:33) (&), the reac-
tion proceeds rapidly for a short initial period (less than
2 min) and then slows dramatically. The reaction con-
tinues (mass increases) for at least 18 h. In THF/
benzene (75:25) (@) the reaction begins at high rate and
gradually slows over the first hour of reaction. After 18
h, gravimetric data indicates that some product graft copol-
ymer has dissolved. Reactions in benzene (¢) and THF/
benzene (50:50) (O) showed small initial mass gains over
the first 15 min of reaction and little subsequent change.
Reactions in benzene/hexane (35:65) (®) were very slow.
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Figure 9. Effect of 12-crown-4 on the rate of mass change of
PCTFE films allowed to react with PS-B-Li (n = 50; 0.004 M)
in benzene at room temperature (®, with 12-crown-4; O, with-
out 12-crown-4).
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Figure 10. ATR IR spectrum of PCTFE film that had been
reacted with PS-B-Li (n = 50, 0.024 M) in refluxing benzene
for 3 h.

To determine whether or not differences in solution
structure of PS-B-Li due to aggregation are responsible
for the different rates of reaction, reaction kinetics of
the reaction of PCTFE with PS-B-Li (n = 50; 0.004 M)
at room temperature in benzene with and without 1 equiv
of 12-crown-4 were measured and compared. Figure 9
shows these data. The rates of mass gain by the film
samples in the two reactions are essentially identical, indi-
cating that aggregation effects are not important.

The products of the reactions of PCTFE with PS-B-
Li in benzene were studied in some detail: Film samples
that were allowed to react at room temperature for 1 h
showed changes in contact angles (8, /0y = 94°/68°), an
increase in the C:F ratio indicated by XPS, but essen-
tially no changes by ATR IR. The reaction temperature
was increased to refluxing benzene temperature in an
attempt to incorporate more (enough to be visible by
ATR IR) polystyrene on the surface: PCTFE samples
were allowed to react with PS-B-Li (n = 50; 0.024 M) for
2, 3, 4.5, and 14 h. The product film samples showed
appreciable and indistinguishable amounts of polysty-
rene by ATR IR. Figure 10 shows the ATR IR spectrum
of a sample allowed to react for 3 h. The absorbances at
3061, 3027, 2924, 1601, 1493, 1452, 760, and 701 cm™* are
those expected for polystyrene. This spectrum indi-
cates a clean addition reaction and little or no competi-
tive reduction (Figure 2, eq 3). XPS spectra of reacted
samples are likewise indistinguishable and indicate com-
plete reaction within the outer 40 A of the film sample
and that most of this region is polystyrene. Figure 11
shows both a survey spectrum, indicating a C:F ratio of
60:1 and a high resolution spectrum of the C,, region exhib-
iting the = — 7* shake-up satellite of polystyrene.

These reaction conditions were used to test whether
or not the amount of polystyrene incorporated (thick-
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Figure 11. XPS spectrum of PCTFE film that had been reacted
with PS-B-Li (n = 50; 0.024 M) in refluxing benzene for 14 h.
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Figure 12. XPS and ATR IR spectra of PCTFE film samples
that had been reacted with PS-B-Li (0.024 M) in refluxing ben-
zene for 2 h: a, PS-B-Li, n = §5; b, PS-B-Li, n = 50.

ness of the polystyrene thin film) could be controlled by
the PS-B-Li chain length. PCTFE film samples were
reacted with PS-B-Li (n = 50; 0.024 M) and PS-B-Li (n
= 5; 0.024 M) in refluxing benzene in side-by-side exper-
iments. Reaction sets were run for both 2 and 6 h, and
XPS and ATR IR spectra of each set were indistinguish-
able. There was, however, a pronounced difference
between the XPS and ATR spectra for the n =5 and n
= 50 reactions. Figure 12 indicates that the longer chain
PS-B-Li reacts to incorporate a thicker polystyrene layer.

Reactions of PCTFE with PS-S-Li. Reactions of
PCTFE with thiolates have been reported, 3" and a mech-
anism for this reaction has been proposed.?’ In this work
PCTFE was reacted with PS-S-Li in both benzene and
THF solution under a range of conditions.

PCTFE film samples were allowed to react with PS-
S-Li (n = 50-80) in THF solution at concentrations vary-
ing from 0.004 M to 0.05 M at —78 °C, —20 °C, room tem-
perature, and refluxing THF temperature for various peri-
ods of time. ATR IR and XPS indicate that polystyrene
is incorporated in the product surface under all condi-
tions. Temperature and concentration appear by these
analyses to affect only the reaction kinetics and not the
product structure. Reaction is faster at higher temper-
atures and higher concentrations. The product film sam-
ples varied in color, depending on the extent of reaction,
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Figure 13. ATR IR spectra of PCTFE film samples that had
been reacted with PS-S-Li (n = 50) in THF with the following
conditions: a, room temperature, 0.04 M, 37 min; b, refluxing
THF, 0.2 M, 3 h.

over a spectrum ranging from clear to “tinted” (brown)
to metallic copper-colored. Film samples that were lightly
modified exhibit contact angles of 8, /65 = 95°/70°. More
extensively modified samples showed pronounced con-
tact angle hysteresis, indicating roughened surfaces: a sam-
ple reacted for 3 h at room temperature exhibited 6, /65
= 130°/10°; a sample reacted for 3 h at reflux exhibited
0,/0g = 129°/25°. Gravimetric analysis was performed
on samples reacted in THF at room temperature for 48
h (n = 80; 0.05 M). The film samples gained an average
mass of 100 ug/cm? upon reaction. This is in sharp con-
trast to the reaction of PCTFE with PS-B-Li in THF,
which under these conditions exhibits mass loss and prod-
uct dissolution. Figure 13 shows representative ATR IR
spectra of PCTFE films that had been reacted with PS-
S-Li under different conditions. Both spectra show the
expected absorbances due to polystyrene. It is notewor-
thy that the sample prepared in refluxing THF (Figure
13b) shows that there is little PCTFE in the ATR IR
sampling region (outer ~3000 A); this indicates that an
extensive modification has occurred and also that the prod-
uct graft copolymer is not appreciably soluble (and not
comparably soluble to the graft copolymer prepared with
PS-B-Li) in refluxing THF; this is consistent with the
gravimetric data.

Reactions of PCTFE with PS-S-Li using benzene as a
solvent were carried out with conditions varying from 10
min to 60 h, room temperature to refluxing temperature,
and 0.004-0.04 M PS-S-Li. No appreciable reaction was
observed under any conditions. (Some small changes in
XPS spectra that could be ascribed to no more than sam-
ple contamination were seen sporadically.)

General Discussion

We noted in the Introduction that at the outset of this
research we predicted that the experiments described above
would be simplified cases of polymer adsorptions, and,
in fact, we thought of these reactions as routes to ideal-
ized models for terminally adsorbed polymer chains. In
retrospect, our naiveté is obvious.

In carrying out a surface modification reaction (this is
a general discussion at this point and not specific to sur-
face-grafting polymer chains) of a solid polymer at a solid
polymer-solution interface, several factors should be con-
sidered in anticipating the outcome of the reaction, espe-
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cially with regard to the surface selectivity of the reac-
tion and the ultimate interface structure of the product:

(1) The Unreacted Polymer-Solvent Interface. A
solid polymer in contact with a solvent may interact with
the solvent to varying extents along a continuum rang-
ing from not being wet by the solvent to (ultimately) being
dissolved by the solvent. The nonmolecularly lucid terms
wetting and swelling are used to describe points on this
continuum, and polymers (or polymer surfaces) can be
wet to varying extents or swollen to varying degrees. The
interface can thus vary from sharp to diffuse, and because
solvent facilitates reaction, the depth (into the solid poly-
mer) of the modification reaction and therefore the thick-
ness of the modified layer in the product will be affected
by the nature of this interface. The diffuseness of this
interface can be temperature dependent.* Solvent mix-
tures add a complexity to this situation as the solid poly-
mer may have an affinity for one solvent and not the
other, giving rise to a partitioning of one solvent between
the solid polymer and the solution.

(2) The Product Polymer-Solvent Interface. Asa
reaction proceeds at a solid polymer—solvent interface,
the structure of the interface changes. Two simplified
general scenarios are as follows: (a) The product (mod-
ified polymer surface) interacts with the solvent to a
greater extent than does the unreacted polymer sur-
face. This can lead to a continuum of processes, an
extreme of which involves an unreacted polymer that is
barely wet by the solvent converting to a modified poly-
mer that is soluble; the sample reactively dissolves. The
oxidation of polypropylene with CrOg in acetic acid/
acetic anhydride is an example of this.”® The thickness
of the medified layer in the product depends on the dis-
parity between the solvent-unreacted polymer and the
solvent—-product interfaces. In the case of polypropy-
lene oxidation this disparity is large and a thin modified
layer is produced by a relatively deep reaction and prod-
uct dissolution. (b) The product interacts with the sol-
vent to a lesser extent than does the unreacted poly-
mer. Again, a range of processes can occur depending
on the extents of and disparity between the interactions.
If the unreacted polymer is not extensively swollen by
solvent and reagents, autoinhibition will occur: the prod-
uct will act as a barrier layer and protect the underlying
material from reaction. The phase transfer catalyzed dehy-
drofluorination of poly(vinylidene fluoride)®® exhibits a
pronounced autoinhibition; the poly(fluoroacetylene) prod-
uct serves as a barrier layer., The reaction of PCTFE
with lithium reagents 2 and 3 are other examples.*

(3) Reagent Solubility. The solubility and relative
solubility of the reagent(s) in the unreacted polymer, the
modified polymer, the interphase region (wet or swollen
unreacted and modified polymer)—which changes through-
out the reaction—and solvent have to be considered. The
same factors that have been discussed for solvents are
equally important for reagents. The reagent will parti-
tion among the regions of the system, and the dynamic
partition coefficients (changing throughout the reac-
tion) will affect product structure.

(4) Interface Chemistry. In addition to how the mod-
ification reaction affects the solvent and reagent affini-
ties of the solid polymer, the chemistry can effect other
properties. If the solution interacts strongly with the prod-
uct but cross-linking occurs in the modification reaction,
the product will not dissolve and a thick modified layer
will result. If the modification cleaves polymer chains,
low molecular weight material will ablate and chain ends
will be important chemical features. The oxidation of
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polyethylene with chromic acid**#! to form a surface rich
in carboxylic acids is an example of this. The nature of
the interphase region as the reaction site needs to be con-
sidered as well in predicting the reaction course. We have
reported several examples®® of reactions that do not pro-
ceed to the products predicted by the analogous solution
chemistry.

(5) Isolated Product Structure. The structure of
the modified solid polymer in contact with the reaction
solution may vary significantly from the structure of the
isolated product that is free of solvent and reagents. The
compatibility (or lack of compatibility) of the unreacted
and modified polymer and the disparity between surface
free energies may induce reorganizations during rinsing
procedures and solvent removal that segregate compo-
nents and concentrate either modified or unreacted poly-
mer at the surface.

An individual polymer surface modification can thus
be a complex process, and there is a great deal of lati-
tude in processes system-to-system. The differences in
the product structures resulting from the very similar
reactions of PCTFE with reagents 1-3 (described in the
Introduction) point out the difficulties in making gener-
alizations.

Discussion and Conclusions

We report in this paper the reactions of polystyryl anions
with PCTFE film samples. The reaction course and the
modified surface structure vary greatly with end func-
tional group identity, and we discuss each in turn.

Polystyryllithium (PS-Li) in THF reacts with PCTFE
primarily as a reducing agent (eq 3) to form a complex
carbonaceous product containing conjugated C=C and
C=C (Figure 2). A small amount of polystyrene is incor-
porated as well. The modification is not surface-selec-
tive (Figure 1) and proceeds deep into the bulk of the
film. The initial PCFTE-THF interface is rather dif-
fuse (THF swells PCTFE—Table I), and a large number
of reactive sites on PCTFE chains are solvated. We pro-
pose that many of these sites can react with PS-Li by
one-electron reduction steps which do not require close
(bond length) encounter, but comparatively few sites can
react via addition of PS-Li. The carbonaceous product
is most certainly less swollen by THF (and PS-Li), but
its formation does not inhibit reduction. We propose (as
we did for PTFE reduction with benzoin dianion®4?) that
the reaction continues because the product conducts elec-
trons from solution down to the virgin PCTFE. We envi-
sion a complex interfacial process occurring in which an
outer layer of swollen PCTFE reacts either by reduction
or by addition of PS-Li (eq 3) and a sublayer that can-
not be accessed by PS-Li reacts only by reduction.

When benzene is used as the solvent for reaction of
PS-Li with PCTFE, the deep reduction observed with
THEF as solvent does not occur. A surface-selective addi-
tion reaction occurs that is complete within 1 h, and no
further changes result after longer reaction times. Ben-
zene forms a much sharper interface with PCTFE (Table
I) than does THF, and we propose that all PCTFE reac-
tion sites are accessible to addition by PS-Li and addi-
tion competes favorably with reduction thus no conduct-
ing carbonaceous layer forms. An additional factor could
be that the relative rates of addition and reduction are
different in THF and benzene-swollen PCTFE.

PCTFE film reacts with butadiene-terminated poly-
styryllithium (PS-B-Li) in THF to yield surface-
modified PCTFE derived from only the addition reac-
tion sequence described in eq 2. There was no evidence
of the reduction that was observed with PS-Li in THF.
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The reactivity differences between PS-Li and PS-B-Li
can be explained by their steric differences. Addition of
the primary allylic lithium alkyl is more facile. Gravi-
metric analysis of the product film samples of this reac-
tion indicated that the reaction is not surface selective
and that the graft copolymer product dissolves in the
reaction medium. Scheme I pictorially represents the pro-

Scheme 1

e —
/ "
PS-B-Li
PCTFE THF-
swollen
PCTFE

gression of events in this reaction. The diffuse PCTFE-
THF interface becomes more diffuse as polystyrene is
grafted (the solvent interacts to a greater extent with the
product). This increases the mobility of PCTFE chains
and exposes more reaction sites. When a sufficient weight
percent polystyrene is grafted to a PCTFE chain, it
becomes soluble in the reaction medium. The PCTFE
film is progressively etched leaving a surface of graft copol-
ymer.

The reactions of PCTFE with PS-B-Li in several dif-
ferent solvent systems were studied (Figure 8), and sev-
eral points warrant discussion. In most solvents the mass
gain was rapid in the first several minutes of reaction
and subsequently slower. The relative magnitude of these
initial mass gains correlates well with the PCTFE film’s
affinity for each solvent (Table I). The initial reaction
is thus controlled by the structure of the PCTFE-
solvent interface. After this initial period, the solvent
affinity of the product copolymer contributes to the reac-
tion course. Comparing the results of the reactions in
hexane/THF (67:33) and THF /benzene (75:25), we note:
The PCTFE film has a greater affinity by a factor of ~2
for hexane/ THF than for THF /benzene (hexane is a non-
solvent for PCTFE; THF must partition into PCTFE
from hexane to a greater extent than it does from ben-
zene), and the reaction is about twice as fast in hexane/
THF than it is in THF /benzene in the first 5 min. Over
the next 55 min the reaction in THF /benzene continues
and at a higher rate than the reaction in hexane/THF
proceeds. This indicates that the product interacts to a
greater extent with THF /benzene than with hexane/
THF. After 18 h of reaction mass loss is observed in
THF /benzene; the reaction continues in hexane/THF
and there is no indication of product dissolution. Reac-
tions in benzene are much less extensive than in THF/
hexane or THF /benzene, indicating the sharp interface
between PCTFE and benzene. No dissolution is observed.
We anticipate that PCTFE heavily grafted with polysty-
rene to be benzene-soluble and propose that sufficient
PCTFE sites are not available at the benzene—polymer
interface to form a heavily grafted copolymer. Increas-
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ing the reaction temperature to refluxing benzene tem-
perature causes more extensive reaction and incorpo-
rates a sufficient amount of polystyrene to be visible in
the infrared spectrum (none was visible in room-
temperature reaction products). The experiments
described in Figure 12 indicate that some control of the
amount of polystyrene incorporated under these condi-
tions can be exercised by adjusting the molecular weight
of PS-B-Li.

Reactions of PCTFE with PS-S-Li were carried out
under a variety of conditions using benzene and THF as
solvents. No reactions were observed under any condi-
tions using benzene. The PCTFE-benzene interface may
be too sharp to allow the reactive end of PS-S-Li to come
into intimate contact with a reactive PCTFE site. Reac-
tion occurred under all conditions at the comparatively
diffuse PCTFE-THF interface, and the product graft
copolymer interacted with the reagent solution enough
to allow very deep modification. Unlike the reaction with
PS-B-Lj, the graft copolymer is not soluble and very thick
modified layers result on the film surface. Figure 13b
shows an extensively modified sample with a graft copol-
ymer layer >3000 A thick. The sharply contrasting sol-
ubilities of the graft copolymers prepared by using PS-
S-Li and PS-B-Li is surprising and indicates that the reac-
tion with PS-S-Li is more complex than the reaction
described in eq 2. We propose that some cross-linking
must occur in the reaction with PS-S-Li with PCTFE
that renders the product insoluble.
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