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ABSTRACT: Poly(a,L-glutamate)s carrying Cs, Cio, and Ci, fluorinated side chains were synthesized by
polymerization of the corresponding amino acid N-carboxyanhydrides. Contact angle measurements with
water were used to assess the effects of fluorination on the surface energies of films of the resulting
polypeptides. The wettability of the polymers was found to decrease with increasing fluorine content, as
expected. A remarkably high contact angle (121°) was measured for the homopolymer carrying Ci»
fluorinated side chains, indicating a surface consisting of closely packed trifluoromethyl groups. Side
chain crystallization, consistent with the formation of such a surface, was suggested by the results of

X-ray diffraction and calorimetric measurements.

Introduction

Fluorinated polymers exhibit special properties, in-
cluding stability at high temperatures, toughness and
flexibility at very low temperatures, nonadhesiveness,
insolubility, chemical inertness, and, in some cases,
biocompatibility.! Incorporation of fluorinated amino
acids has been proposed as a means to impart some of
these properties to polypeptides.

The synthesis of polypeptides containing b,L-trifluo-
roalanine (TFA) has been reported in a previous paper,?
and we have found that the surface energies of films of
copolypeptides of TFA and y-benzyl L-glutamate (BLG)
are significantly reduced compared to that of the PBLG
homopolymer only when the fluorinated monomer is
present at a significant level (>20%). In some circum-
stances, it would be desirable to use fluorinated comono-
mers that would alter polymer properties even when
present in very small amounts. Moéller and co-workers
have shown that copolymers of styrene with monomers
carrying C4F9 and CgFi7 substituents have very low
surface energies, even when only a few percent of the
fluorinated comonomer is incorporated.® An extremely
low critical surface tension of 6 mN/m was found for the
homopolymer with the perfluorooctyl side chain. This
value is as low as that reported for monolayers of
perfluorocarbon acids or thiols* and is indicative of a
surface composed of closely packed trifluoromethyl
groups. Differential scanning calorimetry on the p-
(((perfluorodecylethylene)oxy)methyl)styrene homopoly-
mer showed a first-order phase transition at 82 °C,
which was attributed to melting of side chain crystals.
It seems likely that in such systems, surface energy is
influenced by side chain crystallization, which leads to
highly ordered fluorocarbon surfaces. Similar very low
surface energies have been reported for acrylate and
methacrylate polymers*=6 and for polysiloxanes with
long fluorinated side chains.”® These results prompted
us to undertake synthesis of polypeptides prepared from
y-esters of glutamic acid with long fluorinated alcohols.

Poly(a,L-glutamate)s have attracted attention both as
model polymers for theoretical studies and as products
for potential commercial applications.® Their most
interesting feature is their ability to exist in a well-
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defined a-helical conformation independent of the side
chain substitution and to maintain that structure in
solution. PBLG is the most thoroughly studied of such
polymers, but various poly(y-alkyl o,L-glutamate)s with
long paraffinic chains (PALGs) have been of increasing
interest, owing to their ability to form thermotropic
liquid crystals and ordered Langmuir—Blodgett films.10-14
The liquid crystalline properties of such polymers are
a result of the combination of the rigid-rod character
imparted by the a-helical structure and the flexible
aliphatic side chains, which melt and act as a solvent
for the backbone. PALGs with side chains varying from
1 to 18 carbon atoms have been synthesized and their
thermal and structural properties have been reported.1?
It has been suggested that the a-helical conformation
is not affected by the side chains even when the latter
are long enough to crystallize. In that case, the spatial
arrangement of the backbone chains is dictated by the
packing of the side chains, and as a result, the typical
hexagonal lattice is replaced by a layered structure.!?

PALGs can be prepared either by polymerization of
the corresponding amino acid N-carboxyanhydrides
(NCAs) or by ester interchange reactions with PBLG
or poly(y-methyl o,L-glutamate) (PMLG).®1° Poly(a,L-
glutamate)s containing fluorinated side chains have
been synthesized from PMLG by ester interchange
reactions with fluorinated alcohols,® and the N, and
O, permeabilities of films of these compounds have been
measured. We report herein the synthesis of y-esters
of glutamic acid with alcohols of the general formula
F(CF2)n-2(CH2)20H, with n = 8, 10, and 12 (1-3
respectively), conversion to the corresponding NCAs,
polymerization of the NCAs, and copolymerization with
y-benzyl L-glutamate NCA. The effects of side chain
length on the structure, crystallinity, and surface
properties of the polypeptides® are described.

COCH ,CH3(CF 2)naF CO2CH ,CH5(CF 2n2F CO2CH,CH2(CF ) F

bty

8
1
1

oeN

8 8
1 1
1 1

ame

n n
n n
n n

oo

1n
2n
3n

([T
woun

0 [} [¢]
2 2 2

S0024-9297(95)01070-9 CCC: $12.00 © 1996 American Chemical Society



3546 Dessipri et al.

Experimental Section

Materials. 1H,1H,2H,2H-Perfluorodecanol, 1H,1H,2H,2H-
perfluorododecanol, and 1H,1H,2H,2H-perfluorooctanol were
used as received from PCR, Inc. y-Benzyl L-glutamate was
obtained from Fisher Scientific Co. and used without purifica-
tion. Tetrahydrofuran (THF, Fisher) was distilled (bp 65—67
°C) from Na/benzophenone. Triethylamine (Aldrich Chemical
Co.) was distilled (bp 89 °C) from calcium hydride. Triphos-
gene was used as received from Aldrich.

Methods. Nuclear magnetic resonance spectra were re-
corded on a Bruker AC-200 (200 MHz 'H, 188 MHz °F)
spectrometer. H chemical shifts are reported as parts per
million downfield from tetramethylsilane; 1°F NMR shifts are
reported as parts per million downfield from trifluoroacetic
acid. Melting points were measured on a Fisher-Johns melting
point apparatus and are uncorrected. Films for contact angle
measurements were molded on a Carver Model C laboratory
press. The samples were kept at 130 °C (115 °C for polymers
with C;, side chains) for 1 min and then compressed at 1500
psi for an additional minute at the same temperature. Contact
angle measurements with double-distilled water were done
using a Ramé-Hart goniometer. Five measurements were
made on each film at different locations. Differential scanning
calorimetric measurements were performed on a Perkin-Elmer
DSC 7 analyzer. Samples were in powder form. After the first
run (25 to 200 °C, 80 °C/min), the samples were quenched to
25 °C. The second and third runs (25 to 250 °C, 40 °C/min)
were followed by cooling (40 °C/min) to 25 °C. Infrared spectra
were obtained on a Perkin-Elmer 1600 Fourier transform
spectrophotometer. Samples were either KBr pellets or films
prepared by evaporation of THF solutions on NaCl plates.
X-ray diffraction photographs were obtained with Ni-filtered
Cu Ko (1.54 A) radiation from a sealed tube source. Wide-
angle patterns were recorded using an evacuated flat-plat
Statton camera with a specimen to film distance of 53 mm; a
Rigaku-Denki X-ray camera, with a specimen to film distance
of 230 mm, was used to record low-angle patterns. Powder
samples were examined in the form in which they were
isolated from the polymerization reaction. Intrinsic viscosity
measurements in dichloroacetic acid were performed with a
Cannon 100 Ubbelohde viscometer. A water bath with a
Lauda temperature controller was used to regulate the tem-
perature to within 0.1 °C. Elemental analyses were performed
by the Microanalytical Laboratory, Office of Research Services,
University of Massachusetts, Amherst, MA.

Preparations. Esterification of L-Glutamic Acid. A
typical esterification procedure was as follows. A 250-mL
three-neck round-bottom flask equipped with an addition
funnel and a reflux condenser charged with 3A molecular
sieves was charged with L-glutamic acid (13.23 g, 0.09 mol),
tert-butyl alcohol (100 mL), concentrated sulfuric acid (7.8 mL,
0.14 mol), and benzene (18 mL). The mixture was stirred and
heated to ca. 70 °C until complete dissolution occurred (typi-
cally 20—30 min). 1H,1H,2H,2H-Perfluorooctanol (39 mL, 0.18
mol) was added dropwise, and the solution was stirred and
maintained at 65—70 °C for 24 h. The initially clear solution
became cloudy within an hour after addition of the fluorinated
alcohol. The final mixture, which looked like an emulsion, was
evaported to dryness. tert-Butyl alcohol (50 mL) was added
and the product was stirred until completely dissolved. Tri-
ethylamine (7.2 mL, 0.05 mol) was added dropwise to neutral-
ize the excess sulfuric acid and was followed by the addition
of water (22.5 mL) and 95% ethanol (315 mL). Additional
triethylamine (27.0 mL, 0.19 mol) was added dropwise. The
mixture was stirred for 30 min to allow complete precipitation
of the ester and then centrifuged until the supernatant became
clear. The recovered precipitate was slurried for 20 min at
65 °C with 240 mL of water and recentrifuged hot. The
supernatant was decanted, and the precipitate was washed
with 60 mL each of methanol and ethyl ether and then dried
in a vacuum oven (50 °C) overnight. The crude ester (1),
obtained in the form of a white powder (24.2 g, 54.4% yield),
was recrystallized from an isopropyl alcohol/water (2/1) mix-
ture (80 °C), washed again with methanol and ether, and dried
to give 15.1 g (0.031 mol, 34% yield) of the pure ester. Similar
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yields were obtained from reactions run without stoichiometric
excesses of the fluorinated alcohol. *H NMR (DMSO-de/
trifluoroacetic acid): 6 2.13 (m, 2H, 5-CH), 2.65 (m, 4H, y-CH,
and CH.CF;), 4.03 (m, 1H, o-CH), 4.42 (triplet, 2H, OCH,),
8.33 (s, 3H, NH3"). Esters 2 and 3 were obtained in 44% and
32% yields, respectively, and afforded *H NMR spectra identi-
cal to that of 1.

Synthesis of Amino Acid N-Carboxyanhydrides. A
typical procedure for the synthesis of the NCAs of the
fluorinated esters was as follows. A 100 mL three-neck round-
bottom flask equipped with a reflux condenser and a dropping
funnel was charged with 1 (3.93 g, 8 mmol) and dry THF (30
mL). The suspension was stirred and heated to 50 °C. A
solution of triphosgene (0.87 g, 8.8 mequiv) in 10 mL of THF
was added dropwise, and the mixture was stirred under
nitrogen for ca. 3 h. During that time, the initial suspension
became almost completely clear. The small amount of remain-
ing precipitate was removed by centrifugation. The superna-
tant was transferred to a 100 mL round-bottom flask, purged
with nitrogen, and concentrated to ca. half the initial volume.
Hexane (ca. 50 mL) was added and the mixture was placed in
the freezer overnight to allow complete precipitation of the
anhydride. The product was filtered under nitrogen, washed
with hexane, and dried to give 3.50 g (84% vyield) of crude
anhydride in the form of a white powder. Recrystallization
from THF/hexane (1/3) gave 2.97 g (5.7 mmol, 71% yield) of 4.
IH NMR (DMSO-dg): 6 2.15 (m, 2H, 8-CH,), 2.6—2.9 (m, 4H,
y-CH; and CH,CF), 4.52 (triplet, 2H, OCH,), 4.67 (triplet, 1H,
o-CH), 9.20 (singlet, 1H, NH). Anal. Calcd for CisHio-
NOsFi3: C,32.4; H,1.94; N, 2.70; F, 47.6. Found: C, 32.4; H,
1.73; N, 2.86; F, 47.8.

The NCAs of 2 and 3 were prepared according to the same
procedure and afforded *H NMR spectra identical to those of
4. For 5: yield 63%. Anal. Calcd for C16H10NOsF17: C, 31.0;
H, 1.63; N, 2.26; F, 52.2. Found: C, 30.8; H, 1.35; N, 2.42; F,
51.9. For 6: yield 56%. Anal. Calcd for CisH10NOsF21: C,
30.0; H, 1.40; N, 1.95; F, 55.5. Found: C, 29.8; H, 1.14; N,
2.06; F, 55.1.

Polymerizations. A typical polymerization procedure was
as follows. A 25 mL round-bottom flask equipped with a
drying tube was charged with 4 (1.04 g, 2 mmol). THF (5 mL)
was added via cannula, and after dissolution of the anhydride,
triethylamine (2.8 uL, 0.02 mmol) was added. A precipitate
was noted shortly after addition of the initiator. The polym-
erization was monitored by infrared spectroscopy until com-
plete disappearance of the bands corresponding to the anhy-
dride carbonyl stretching vibrations (1780 and 1855 cm™1).
Methanol (ca. 20 mL) was added to the reaction mixture, and
the precipitate was filtered, washed with methanol and ether,
and dried in a vacuum oven (50 °C) overnight. In the case of
copolymerizations, both monomers were charged at the onset,
and the same procedure was followed.

Results and Discussion

Esterification of L-Glutamic Acid. The y-esters of
glutamic acid (1—3) with long fluorinated alcohols were
prepared by direct esterification under acidic condi-
tions.” Three fluorinated alcohols were used: 1H,1H,-
2H,2H-perfluorooctanol (n = 8), 1H,1H,2H,2H-perfluo-
rodecanol (n = 10), and 1H,1H,2H,2H-perfluorodode-
canol (n = 12).

The esterification was initially performed as described
for aliphatic alcohols.” Free glutamic acid was sus-
pended in tert-butyl alcohol, sulfuric acid was added,
and the suspension was heated to 65 °C until complete
dissolution of the amino acid. A fourfold excess of the
alcohol was added to the clear solution. Although all
of the fluorinated alcohols are soluble in tert-butyl
alcohol, each of the reaction mixtures became hetero-
geneous, with emulsions appearing ca. 20 min after
addition of the alcohol. Termination of the reaction
after 1 h led to no detectable product, and workup after
1 day afforded yields of fluorinated esters of less than
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10%. Phase separation, which is not observed in es-
terifications with aliphatic alcohols, may continue to the
low yields. The use of hexafluoroisopropyl alcohol as a
substitute for tert-butyl alcohol did not eliminate the
emulsion.

The low yields of the esters may also reflect the
unfavorable equilibrium for reaction of the fluorinated
alcohol. In order to remove water efficiently, the
reaction flask was equipped with a condenser charged
with molecular sieves. The temperature of the reaction
was kept at 65—70 °C, and a small amount of benzene
was added. tert-Butyl alcohol, water, and benzene form
an azeotrope with a boiling point of 67.3 °C.18 This
method afforded yields of 30—45% after recrystalliza-
tion, without the need for large excesses of the fluori-
nated alcohol. The main product of the esterification
in all cases was the y-ester, but small amounts (5—10%)
of the a-ester were also observed by 'H NMR spectros-
copy. Recrystallization from isopropyl alcohol water (2/
1) resulted in enrichment in the y-ester; after two
recrystallizations, no a-ester was detectable.

The reaction was also performed at higher tempera-
tures and in the absence of tert-butyl alcohol. In each
case, we found 50—60% a-ester and diester byproducts
as estimated by 'H NMR spectroscopy. Reaction times
longer than 1 day did not increase the reaction yield.

Evaporation of the solvent before termination by
addition of triethylamine appeared to be necessary to
allow subsequent precipitation of the ester. After the
reaction mixture was evaporated to dryness, addition
of tert-butyl alcohol led to clear solutions. Excess
sulfuric acid was neutralized by addition of triethyl-
amine, and water and ethanol were added. Excess
triethylamine was then added to precipitate the free
glutamate ester. The precipitate was collected by
centrifugation, slurried with water, and recentrifuged
hot. This procedure was found to be necessary and
sufficient to remove free glutamic acid. Further wash-
ings with methanol and ethyl ether removed any
residual alcohol.

Synthesis of Amino Acid N-Carboxyanhydrides.
Synthesis of the NCAs of the fluorinated esters was
performed in tetrahydrofuran with use of triphosgene.!®
The amino acid esters are insoluble in THF, but their
NCAs are soluble. Solutions of triphosgene in THF were
added to suspensions of the amino acids in THF at 50
°C. Phosgenation reaction was most efficient when the
amino acid suspensions were heated to 50 °C before
addition of triphosgene. Gelation and formation of an
unidentified byproduct were observed upon addition of
triphosgene to the suspension of the amino acid at room
temperature and subsequent heating. The initial sus-
pensions became almost clear ca. 3 h after addition of
triphosgene. The NCAs were obtained in high yields
(56—71%) after precipitation with hexane and recrys-
tallization. Phosgenation can be monitored by infrared
spectroscopy; as the reaction proceeds, the anhydride
bands at 1780 and 1855 cm™! increase in intensity
relative to the ester absorption at 1730 cm~1. Purging
with Ny during the phosgenation is generally recom-
mended for removal of the excess of HCI'® but it was
avoided in this case because of the surface activity of
the fluorinated NCAs, which caused foaming.

Polymerization. Homopolymers and statistical co-
polymers of 1—3 with y-benzyl L-glutamate were pre-
pared by polymerization of the respective NCAs in THF
using triethylamine as initiator (Tables 1—3). All of the
polymerizations were monitored by infrared spectros-
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Table 1. Copolymerization of 4 with 10

reacn
mol % 4 time
run 4(g) 10(g) (feed)

mol % 1 [7] %
(days) (polymer)? (dL/g) vyield

1 103 O 100 11 100° 87.6
2 0509 0.258 50.0 9 52.4¢ 0.07 85.2
3 0271 0.528 20.6 8 21.9d 0.08 81.4
4 0.260 0.921 12.5 5 13.4¢ 0.10 60.7
5 0.138 1.263 5.3 5 5.7f 0.17 84.8

a Copolymer compositions were estimated on the basis of
elemental analysis. Fluorine contents were determined by Schoni-
ger flask decomposition of the compound in an oxygen atmosphere.
The resulting F~ was analyzed using an ion selective electrode.
b Anal. Calcd: C, 32.8; H, 2.12; N, 2.95; F, 52.0. Found: C, 32.0;
H, 2.20; N, 2.98; F, 51.9. ¢ Anal. Calcd: C, 42.6; H, 3.26; N, 3.96;
F, 36.6. Found: C, 42.0; H, 3.39; N, 3.76; F, 36.5. 9 Anal. Calcd:
C,53.3; H,4.52; N, 5.09; F, 19.6. Found: C,52.9; H, 4.44; N, 5.02;
F,19.4. ¢ Anal. Calcd: C,57.5; H, 5.01; N, 5.52; F, 13.1. Found:
C,57.1; H,5.03; N, 5.41; F, 12.1. f Anal. Calcd: C, 61.9; H, 5.53;
N, 5.99; F, 6.0. Found: C, 61.9; H, 5.57; N, 6.93; F, 5.5.

Table 2. Copolymerization of 5 with 10

reacn
mol %5 time
run 5(g) 10(g) (feed)

mol % 2 7] %
(days) (polymer)2 (dL/g) vyield

1 0423 0 100 16 1000 68.7
2 0.615 0.277 48.6 10 54.5¢ 62.3
3 0314 0.556 19.4 7 19.5d 0.09 76.8
4 0315 1.170 10.3 5 10.3¢ 0.13 86.8
5 0.155 1.250 5.0 4 5.9f 0.15 845

a Copolymer compositions were estimated on the basis of
elemental analysis. Fluorine contents were determined by Schoni-
ger flask decomposition of the compound in an oxygen atmosphere.
The resulting F~ was analyzed suing an ion selective electrode.
b Anal. Calcd: C, 31.3;H, 1.75; N, 2.44; F, 56.1. Found: C, 30.4;
H, 1.72; N, 2.61; F, 52.2. ¢ Anal. Calcd: C, 39.6; H, 2.77; N, 3.39;
F,42.6. Found: C, 39.6; H, 2.73; N, 3.20; F, 41.5. 4 Anal. Calcd:
C,52.4;H,4.34; N, 4.85; F, 21.8. Found: C,51.8; H, 4.10; N, 4.56;
F, 21.0. ¢ Anal. Calcd: C,57.8; H, 5.00; N, 5.48; F, 13.0. Found:
C,57.3; H,5.08; N, 5.51; F, 12.7. f Anal. Calcd: C, 60.9; H, 5.38;
N, 5.83; F, 8.0. Found: C, 60.9; H, 5.46; N, 5.79; F, 7.5.

Table 3. Copolymerization of 6 with 10

reacn
mol % 6 time mol % 3 [n] %
run 6(g) 10(g) (feed) (days) (polymer)® (dL/g) yield

1 0423 0 100 11 100° 81.4
2 0.196 0.754 8.7 3 8.7¢ 0.14 838

a Copolymer composition was estimated on the basis of elemen-
tal analysis. Fluorine contents were determined by Schéniger
flask decomposition of the compound in an oxygen atmosphere.
The resulting F~ was analyzed using ion selective electrode
techniques. ® Anal. Calcd: C, 30.4; H, 1.49; N, 2.07; F, 59.1.
Found: C, 29.5; H, 1.41; N, 2.42; F, 58.2. ¢ Anal. Calcd: C, 57.4;
H, 4.92; N, 5.37; F, 13.9. Found: C,57.0; H,4.77; N, 5.37; F, 12.9.

copy and were terminated (after complete conversion
of the NCAs) by addition of methanol. The reaction
mixtures became inhomogeneous shortly after addition
of the initiator. Infrared spectra taken during the
course of the polymerization indicated initial formation
of polypeptides in predominantly -sheet conformations.
Figure 1 shows characteristic infrared spectra recorded
during the copolymerization of 5 and y-benzyl L-
glutamate NCA (10) (Table 2, run 3). As the copolym-
erization proceeds, the absorptions at 1852 and 1783
cm~1! assigned to the carbonyl groups of the anhydrides
decrease in intensity. Two amide | vibrations of the
polypeptide are seen, one at 1624 cm~! assigned to a
B-sheet conformation?® and one at 1651 cm~! assigned
to the o-helical conformation.?® The percentage of
a-helical content increases with time, in agreement with
the literature on the polymerization of L-alanine NCA.?!
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Figure 1. IR spectra recorded during the copolymerization
of 5 with 10: (a) 2, (b) 4, and (c) 7 days after the addition of
initiator. Samples were in the form of films prepared by
evaporation of a reaction aliquot (in THF) on a NaCl plate.
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Figure 2. (a) IR spectra recorded during the copolymerization
of 5 with 10, 7 days after the addition of initiator (film on NaCl
plate). (b) IR spectrum of the precipitated copolypeptide (KBr
pellet).

Solid-state spectra of the precipitated polypeptide,
recorded subsequently, show considerable enrichment
in a-helical content as shown in Figure 2.
Copolymers were prepared to allow determination of
the dependence of surface energy on percent fluorina-
tion; thus conversions were high and feed ratios were
chosen to give a useful range of fluorine contents.
Elemental analysis of the copolypeptides showed that
the copolymer compositions were close to the feed
compositions (as expected at high conversion), favoring
slightly the fluorinated amino acid. On the other hand,
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Table 4. Contact Angles of Water on Films of
Copolymers of 1 and 102

contact angle (deg)

run 1 mol % % F advancing receding
1 100 51.9 107 £ 2 90+ 3
2 52 36.5 101 + 10 66 £ 9
3 22 19.4 88 +3 54 +7
4 13 12.1 90+5 567
5 6 5.5 73+7 55+5

a Contact angles on PBLG: 0aqy = 71 & 4°, Orec = 56 + 4°.

Table 5. Contact Angles of Water on Films of
Copolymers of 2 and 102

contact angle (deg)

run 2 mol % % F advancing receding
1 100 52.2 107 + 4 72 £10
2 55 415 101+ 2 72+ 4
3 19 21.0 89 +2 64 £+ 10
4 10 12.7 90 +4 60+ 7
5 6 7.5 91+2 56 + 3

a Contact angles on PBLG: 6aqy = 71 & 4°, Orec = 56 + 4°.

Table 6. Contact Angles of Water on Films of copolymers
of 3 and 102

contact angle (deg)

run 3 mol % % F advancing receding
1 100 58.2 121 +£3 89 +2
2 9 12.9 87 +6 58 + 6

a Contact angles on PBLG: 0aqy = 71 + 4°, Orec = 56 + 4°.

since the recovered yields were not 100%, the appear-
ance of enhanced reactivity of 4—6 may have resulted
from preferential precipitation of chains enriched in
fluorinated units. The solubility of these copolypeptides
in different organic solvents varies with fluorine content.
Polymerization products with 5 mol % of any of the
fluorinated comonomers are soluble in the solvents that
solubilize PBLG, e.g., THF, DMF, and chloroform. This
indicates that they are indeed copolymers, since the
homopolymers of the fluorinated esters are not soluble
in these solvents. The fluorinated homopolymers are
soluble in trifluoroacetic acid and hexafluoroisopropyl
alcohol but not in dichloroacetic acid; the latter is a
solvent for the copolymers.

Contact Angle Measurements. Films for contact
angle measurements were prepared by pressing powder
samples between Kapton films at 130 °C (115 °C in the
case of polymers of 3) in a melt press. This method
proved convenient and effective in the preparation of
films with smooth surfaces.

Tables 4—6 list the advancing and receding contact
angles of water placed on films of the various homopoly-
mers and copolymers. All films show hysteresis com-
parable to but somewhat higher than that reported for
a copolymer of tetrafluoroethylene and perfluoroprop-
ylene (ca. 25°).22 In general, differences between ad-
vancing and receding contact angles can be result of
surface roughness, heterogeneity, and deformability.?2
Figure 3 shows the dependence of the advancing contact
angle on the total fluorine content. Results obtained
previously on polymers of trifluoroalanine are included.
In each case the contact angle increases significantly
between 0 and 10% fluorine and levels off. The surface
energy correlates better with the total fluorine content
than with the molar percent of fluorinated monomer.
The homopolymer of 3 shows an exceptionally high
water contact angle (121°). Zisman has demonstrated
that the surface energy depends on both the constitution
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Figure 4. X-ray diffraction patterns of homopolymers of (a)
1, (b) 2, and (c) 3.

and structure of the surface and that the lowest surface
energy is that closely packed trifluoromethyl groups.*23
Indicative of the effect of packing in lowering the surface
energy is the fact that the water contact angle on Teflon
is 108°8 while on self-assembled perfluorinated al-
kanethiol monolayers it is 118°?* and on poly(1H,1H-
pentacafluorooctyl methacrylate), 120°.25> The contact
angle for the homopolymer of 3 indicates a highly
ordered fluorocarbon surface that can result from side
chain crystallization. Side chain crystallization has
been further verified by X-ray scattering and differential
scanning calorimetry as discussed below. It is interest-
ing that Mdller and co-workers also find very low surface
energy for the fluorinated homopolymer when side chain
crystallization takes place. However, in their work the
dispersion force contribution to the surface energy, ysP,
varies linearly with fluorine content and is not affected
in any apparent way by side chain crystallization.?
X-ray Diffraction. Figure 4 shows the X-ray dif-
fraction photographs obtained for the homopolymers of
1-3. Each pattern consists of a set of powder X-ray
diffraction rings; a listing of the interplanar spacings
and a visual estimate of relative intensities is presented
in Table 7. Examination and comparison of all three
X-ray diffraction patterns reveal that in each case the
low-angle set of diffraction rings varies independently
of the wide-angle diffraction. This feature is expected,
and found previously,? from polymer molecules with
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Table 7. X-ray Diffraction Spacings (A) and Estimates of
Observed Relative Intensities for Homopolymers of 1-32

homopolymers of

1 2 3
Low-Angle Region
16.4 s (100) 36.4 s (100) 43.0 vs (100)
9.3 m (110) 18.0 s (200) 21.5's (200)
12.2 5 (300) 14.3 s (300)
9.0 vw (400) 10.8 vw (400)
7.2 w (500) 8.5 w (500)
7.2 w (600)
Wide-Angle Region
5.1s, broad (10) 5.15(10) 4.9 vs (10)
2.8w (11)
2.5w (20)

ays = very strong, s = strong, m = medium, w = weak, vw =
very weak.

this level of complexity, that is, with a high linear
density of long side chains decorating a backbone. The
low-angle reflections emanate from the packing of whole
molecules while the wide-angle diffraction relates to
localized crystallization of side chains.

Starting with the homopolymer of 3, with the longest
side chains, the six low-angle reflections are successive
h0O orders of 43 A and are characteristic of a layered
structure which can be attributed to the lamellar-
packing periodicity of the fluoroalkyl side chains. The
wide-angle triplet, with a strong and sharp first order,
indexes on a two-dimensional hexagonal lattice of side
a=5.7 A, which we interpret as arising from the close
packing of the fluorinated segments of the side chains,
since it is known that poly(tetrafluoroethylene) crystal-
lizes in a hexagonal lattice of side a = 5.66 A.26-28 For
the homopolymer of 2, with 20% fewer CF; groups in
the side chains, the wide-angle pattern noticeably
worsens; only a broadened 10 reflection remains and
with a 4% increase in spacing, consistent with poorer
packing of the shortened fluorinated segments. In
addition, the lamellar-packing periodicity reduces to 36
A. It is more convenient to discuss the results for the
homopolymer of 1 latter.

Behavior similar to that observed for the homopoly-
mers of 2 and 3 as a function of increasing side chain
length has been reported by Watanabe and co-workers!?
for PALGs with side chains of 14 methylene units or
longer, and a lamellar model with interdigitated side
chains was proposed to explain both the development
of side chain crystallization and the layered arrange-
ment of helices from the low-angle X-ray pattern. Side
chain interdigitation was not observed directly, but was
proposed because the center-to-center distance between
helices (corresponding to the 100 reflection) is substan-
tially less than two fully extended (planar zigzag
conformation) alkane side chains. In our case, the value
of 43 A matches the lamellar-stacking periodicity if the
side chains are extended (in the helical conformation
typical of the hexagonal modification of poly(tetrafluo-
roethylene)) and not interdigitated, as illustrated sche-
matically in Figure 5. The diameter of poly(y-methyl
a,L-glutamate) is reported to be 14 A.24 The side chain
of the homopolymer of 3 has an additional methylene
group (axial projection 1.25 A)29 and 10 perfluorinated
side chain carbon atoms (10 x 1.3 A);%6 thus, the
diameter of helices bearing fully extended side chains
is ca. 42.5 A. This value is in agreement with the
observed periodicity (100 spacing) and suggests that the
perfluoroalkyl side chain segments are not interdigi-
tated. In the case of the homopolymer of 2, the lamellar-
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Figure 5. Interhelical distance for the homopolymer of 3 with
fully extended side chains.
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Figure 6. DSC heating traces of the homopolymers of (a) 1,
(b) 2, and (c) 3 (third heating).

packing periodicity is 36.4 A, a reduction of 6.6 A
compared with the homopolyer of 3, a value somewhat
larger than the theoretical difference corresponding to
4 CF, units (4 x 1.3 =52 A).

The X-ray diffraction results from the homopolymer
of 1, with the shortest side chains, exhibit a single
strong, broad wide-angle diffraction ring similar to the
homopolymer of 2 but the low-angle diffraction is
different in character. A pair of low-angle reflections
index as the 10 and 11 of a two-dimensional hexagonal
lattice with a = 18.9 A. For PALGs with side chains
shorter than 14 methylene units, the helices pack on
hexagonal lattices and it is only at greater side chain
lengths that the overall (lamellar) structure is dictated
by crystallization of the aliphatic chains. The hydro-
genated polyglutamate with 8 methylene units in the
side chain (the analog of the homopolymer of 1) crystal-
lizes in a hexagonal lattice with a=17.1 A. The slight
increase in the lattice spacing is readily explained as a
result of the increased bulkiness of the fluorocarbon
chain. The side chains cannot form extended crystals,
and the wide-angle reflection is much broader than
those of the homopolymers of 2 and 3.

Thermal Analysis. Figure 6 shows DSC heating
traces of the homopolymers of 1—3. The homopolymers
of 2 and 3 show first-order transitions at 96 and 137
°C, respectively; no corresponding transition is observed
in the homopolymer with Cg side chains. The observed
transitions are assigned to melting of side chain crys-
tals, consistent with the X-ray data on each of the
homopolymers. Upon cooling at 40 °C/min, crystalliza-
tion exotherms are observed at 74 and 123 °C, respec-
tively, for the homopolymers of 2 and 3. The transition
enthalpies associated with these endotherms are 1.50
and 6.75 kJ/mol, respectively. Moller et al. report the
melting of pure Ci,F 26 at 72 °C, with an associated heat
of melting of 21 kJ/mol, which corresponds to 1.75 kJ/
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CF,.39 If one assumes that this value holds for the
glutamate side chains, the number of “crystalline” CF,
units can be calculated to be 3.9 (6.75/1.75) for the
homopolymer of 3 and 0.9 for that of 2. The corre-
sponding values for the hydrogenated analogs have been
calculated by Watanabe et al. to be 0.4, 1.4, 3.0, 5.9,
and 7.7 for the Cyg, Ci12, C14, C16, and Cyg side chains,
respectively.12

Conclusions

Poly(a,L-glutamate)s carrying long fluorinated side
chains have been synthesized by polymerization of the
corresponding amino acid N-carboxyanhydrides. The
surface energies of the fluorinated polypeptides (as
indicated by the water contact angle) were found to vary
with total fluorine content, independent of the length
of the side chain. The very high contact angle (121°)
measured for the homopolymer with C;, side chains was
attributed to the formation of a surface of closely packed
trifluoromethyl groups. This explanation is consistent
with X-ray diffraction results, which indicate well-
developed side chain crystallinity. Crystallization of the
fluorinated segments controls the spatial arrangement
of the polymer backbone, which organizes into layered
arrays for chains bearing Cyo and Cj; side chains.
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