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ABSTRACT: IR spectral studies were performed for poly(1H,1H-fluoroalkyl a-fluoroacrylate)s [—{CH.-
CFC(O)OCH2(CF2)nY}p—, Y =Hor F, n=1-11] in a wide temperature range. The carbonyl absorptions
[v(C=0)] split into two peaks near 1770 + 4 (v;) and 1795 + 4 (v;) cm~1. The ratio in absorbances of v,
to v; increased with increasing crystalline region formed by the main chains but was independent of that
formed by the fluoroalkyl side chains. The present IR results revealed that both the main and fluoroalkyl
side chains participate in the formation of crystallites, but in the shorter fluoroalkyl homologoues with
n < 7, the main chains including C=0 groups in the esters mainly form the crystallites, while in the
longer fluoroalkyl homologues the side chains predominate over the main chains to form the crystallites,
although an ordering of main chains still exists. Moreover, the C=0 bonds were considered to be in cis
conformation to aC—F bonds in the main chain crystallites and almost in a perpendicular direction to

the main chains.

Introduction

Poly(fluoroalkyl o-substituted acrylate)s (denoted here-
after PX-Hm-Fn-Y as illustrated in Figure 1) are comb
polymers functionalized with fluoroalkyl side chains.
The fluoroalkyl side chains are frequently packed in
layers to form crystallites.1=® The structure of crystal-
lites is much influenced by the length and chemical
structure of the fluoroalkyl side chains and by the
a-substituent of the acrylate moiety. Poly(fluoroalkyl
acrylate)s (PH-Hm-Fn-Y) and poly(fluoroalkyl meth-
acrylate)s (PM-Hm-Fn-Y) have been reported to form
crystallites in which the fluoroalkyl side chains are
arranged in layers only when the number of CF,
moieties (n) in the fluoroalkyl side chains is larger than
or equal to 7.23 According to recent work for PX-H2-
F8-F,*6 the side chain crystallites consist of a double-
layer packing of the side chains at room temperature
for PA-H2-F8-F and both single- and double-layer
packings for PM-H2-F8-F, respectively. As temperature
increases, the layer packings disappear above Ty. In
our X-ray studies of a series of poly(fluoroalkyl o-fluo-
roacrylate)s (PF-Hm-Fn-Y),%6 however, we found that
PF-H1-Fn-Y homologues crystallize even in the shorter
fluoroalkyl homologues than the n = 4. In the shorter
fluoroalkyl homologues (n < 7), not only the fluoroalkyl
side chains are arranged to form crystallites with a
double-layer structure but also the main backbone
chains are highly ordered.> The longer fluoroalkyl
homologues (PF-Hm-Fn-Y, where m =1 or 2 and n =
7) have crystallites with a single-layer packing at room
temperature. As temperature increases, the single-
layer packing tends to transform into a double-layer
packing. In the longer fluoroalkyl homologues, the
packing of the long side chains governs the structure of
crystallites, but the main backbone chains are ordered
to some extent in the crystallites and this ordering
disturbs the side chain packing to produce the single-
layer packing. As temperature increases above Ty, the
ordering of main backbone chains decreases, resulting
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Figure 1. Chemical structure of polymers represented by PX-
Hm-Fn-Y, where X on the polymer main chain denotes H if X

=A,CH;if X=M, and F if X =F. m is the number of CH,
moieties, n is the number of CF, moieties, and Y = F or H.

in changing from the single-layer packing to the double-
layer packing.®

The unique structure and transformation of crystal-
lites draw our attention toward studying the physical
properties and structure of PF-Hm-Fn-Y homologues.
The present work concerns infrared (IR) spectroscopic
studies of poly(1H,1H-fluoroalkyl a-fluoroacrylate)s (PF-
H1-Fn-Y) to clarify the structure of the crystallites. The
splitting of the characteristic stretching vibration band
of the C=0 group is found to be closely connected with
the structure of the crystallites.

Experimental Section

PX-H1-Fn-Y were prepared by a radical polymerization of
the corresponding monomers in 1,3-bis(trifluoromethyl)ben-
zene, using azobis(isobutyronitrile) (AIBN) as an initiator and
a chain-transfer agent as a molecular weight regulator,
according to the same procedure described previously.>¢ The
polymer samples used here are listed with several physical
properties in Table 1. Weight-average molecular weights (M)
were determined by gel permeation chromatography, using
THF as solvent and polystyrene as a standard. However, we
were unable to determine the M,, values of PF-H1-F7-F, PF-
H1-F8-F, PF-H1-F9-F, PF-H1-F11-F, and PM-H1-F8-F, be-
cause of their insolubility in THF, but their sheet samples were
so tough that we may assume these are polymeric materials.
F-NMR spectra of the a-fluoroacrylate polymers were re-
corded on a Bruker AC-300P *F-NMR spectrometer (282.4
MHz) at room temperature, using acetone as solvent and
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Table 1. List of Polymers Used

triad tacticity? M, x AHm/
polymers mm  mr rr 1075 TygK Tw/K (kJ mol™t)

PF-H1-F1-F 0.13 0.49 0.37 2.6 383 487 1.3

PF-H1-F2-H 0.12 0.47 041 2.2 359 449 0.41
PF-H1-F2-F 0.12 0.48 0.40 1.8 370 493 3.51
PF-H1-F7-F 0.12 0.48 040 ND® ND 454 4.77

PF-H1-F8-F 0.13 0.46 0.41 ND ND 458 5.32
PF-H1-F9-F 0.12 0.45 0.43 ND ND 469 6.02
PF-H1-F11-F 0.11 0.47 0.42 ND ND 472 7.73

PM-H1-F1-F 0.07 0.41 0.52 3.5 354
PM-H1-F2-F 0.06 0.40 0.54 2.8 353
PM-H1-F8-F 0.06 0.40 054 ND 329 362 3.6

PA-H1-F2-F 0.03 0.60 0.37 2.3 260

amm, isotactic; mr, heterotactic; rr, syndiotactic. ® ND, not
determined.

CFCl; as an internal standard, while we used a JEOL FX-
100 ®F-NMR spectrometer (93.7 MHz) to measure the °F-
NMR spectra of the insoluble polymer samples in the molten
state, using trifluoroacetic acid as an internal standard. The
triad tacticities (mm, mr, rr) were obtained from the mm, mr,
and rr peaks in the aC—F region according to the assignment
of Majumder and Harwood.” The triad tacticities of the
methacrylate polymers were obtained from the mm, mr, and
rr peaks in the aC—CHjs region, according to the assignment
of Bovey and Tiers,® where *H-NMR spectra were measured
on a Bruker AC-300P 'H-NMR spectrometer (300 MHz) at
room temperature, using acetone-ds as solvent and TMS as
an internal standard. For poly(2,2,3,3,3-pentafluoropropyl
acrylate) (PA-H1-F2-F), the triad tacticity was measured from
the splitting of the 3C-NMR peaks of the C=0 bond, according
to the assignment of Hatada,® using a Bruker AC-300P.
Differential scanning calorimetric (DSC) data were measured
at a heating rate of 10 K min~! by use of a Perkin-Elmer DSC-
7.

IR spectral data were recorded with a Perkin-Elmer 1640
FT-IR spectrometer, where each trace was taken as the
average of 16 scans at a resolution of 4 cm™. The sheet
samples were prepared mostly by cooling at a rate of about
0.3 K min~! after compression-molding at the temperature of
the molten state. The sheet was sandwiched between two KBr
windows and then placed in a heated cell controlled within
0.5 K by use of a temperature controller (S. T. Japan, 0019-
201), where each temperature was detected by a calibrated
Fe—constantan thermocouple in a hole drilled in the KBr
window. The oriented sheets were obtained by drawing
uniaxially 2—4 times at a temperature above T,. The aniso-
tropic IR spectra were measured by setting them parallel and
perpendicular to a KRS-5 polarizer, respectively.

Results and Discussion

Figure 2 shows IR spectra in the wavenumber range
from 1500 to 2000 cm~! for PX-H1-F2-F as typical
examples. In all the samples, there are observed
carbonyl stretching vibration peaks of the fluoroalkyl
esters [v(C=0)], but the »(C=0) bands shift to higher
wavenumbers in the order of CHs, H, and F of the
a-substituents (X). In carbonyl compounds, the »(C=0)
peaks are well known to shift to higher wavenumbers,
as the electron-withdrawing effect of the a-substituent
is larger. These shifts of v(C=0) by the a-substitution
seem to hold in the present crystalline and polymeric
system. It is to be noted that in PF-H1-F2-F, the
v(C=0) band splits into two peaks, v1(C=0) at lower
wavenumber and v,(C=0) at higher wavenumber.

Figure 3 shows the »(C=0) bands for different PF-
H1-Fn-Y and PM-H1-Fn-Y homologues. The splittings
of v(C=0) bands are observed in all PF-H1-Fn-Y. To
date, these splittings have been found for poly(alkyl
a-chloroacrylate)s® and poly(methyl o-fluoroacrylate)s.!!
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Figure 2. Carbonyl region of FT-IR spectra of PX-H1-F2-F
at room temperature.
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Figure 3. Carbonyl region of FT-IR spectra of PF-H1-Fn-Y
and PM-H1-Fn-Y homologues at room temperature.

For the poly(alkyl a-chloroacrylate)s, Wesslén and Lenz
assigned the splitting to a conformational (rotational)
isomerism between the C=0 and aC—ClI bonds, accord-
ing to the assignment of Bellamy and Williams?? for
a-chloro ketone compounds; the electrostatic repulsion
between C=0 and aC—Cl is increased when C=0 is in
cis conformation to aC—Cl, and the »(C=0) peaks move
to higher wavenumbers, resulting in splittings of the
v(C=0) bands. Moreover, they pointed out that the
fraction of cis-conformational sequences in the rotational
isomers should depend on the stereoregularity, and
isotactic polymers prefer to take cis conformation rather
than syndiotactic polymers. This interpretation for the
splitting was experimentally evidenced for poly(alkyl
o-chloroacrylate)s by Dever et al.,12 where the ratio of
absorbance for v2(C=0) (A,,) to that for v;(C=0) (A1),
A,2/A,1, increased almost in proportion to the fraction
of isotactic sequences. In Figure 3, the value of A,2/A,1
appears to be different among the PF-H1-Fn-Y homo-
logues, although the stereoregularity is almost the same
among all the homologues (see triad tacticities in Table
1). Therefore, the splittings are not explained only by
the stereoregularity. Figure 4A shows the temperature
dependence of »(C=0) for PF-H1-F2-F. The »(C=0)
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Figure 4. (A) Carbonyl region of FT-IR spectra of poly-
(2,2,3,3,3-pentafluoropropyl a-fluoroacrylate) (PF-H1-F2-F) at
various temperatures. (B) Absorbances of v;(C=0) at 1772
cm™! (A1) and v(C=0) at 1798 cm™? (A,,), and the ratio (A,2/
A,1) as a function of temperature.

splits into »1(C=0) at ~1772 cm™! and »,(C=0) at
~1798 cm™1, independent of temperature, but the value
of A,2/A,1 appears to be temperature dependent; with
increasing temperature, A,, considerably decreases and
A,1 changes little. A,;, A2, and A,,/A,; are plotted
against temperature in Figure 4B. As temperature
increases, A,, begins to decrease near Ty and rapidly
decreases near T, and A,; abruptly decreases above T,.
The rapid decreases of A,; and A,, above T, may
artificially take place due to a melt-flowing of sheets,
but A,./A,1 should faithfully reflect the change of v(C=0)
bands with temperature. Parts A and B of Figure 5
show variations of A,»/A,1 with temperature for PF-H1-
Fn-Y and PM-H1-Fn-F homologues, respectively, with
their DSC heating curves. As the temperature ap-
proaches T, the value of A,»/A,1 rapidly decreases,
falling, above T, to about 0.8, independent of the
homologues. In the short fluoroalkyl PF-H1-Fn-Y ho-
mologues (n = 1,2), the values of A,/A,; and the
magnitude of decrease appear to be connected with the
crystallinity, i.e., heats of fusion (AHy,) (in Table 1, AHy,
is 1.3, 0.41, and 3.51 kJ mol~* for PF-H1-F1-F, PF-H1-
F2-H, and PF-H1-F2-F, respectively). In PF-H1-F8-F,
however, AHy, has the large value of 5.32 kJ mol~1 (see
Table 1) but the value of A,>/A,; and the magnitude of
decrease are comparatively small. Figure 5B shows the
temperature dependences of A,c—o) for PM-H1-F2-F and

Macromolecules, Vol. 29, No. 10, 1996

20 L PF-H1-Fi-F
o Tm 487K .
; o-oFa0a s
~ [=
15 T~
R i
1.0 + Tg 383K \D
0
1 1 ] ] | 1
PF-H1-F2-H|
1.5 [
= Tm 449K
< y ) 2
~ w

—_ TN
ot S T

< Tg 359K

0-0-0-0 PF-H1-F2-F

20 L \O\O
Tm 493K
3 5
15 F \/ w
= N\
2 ! ?
10 L Tg 370K %
0VO—o
2.0 ( PF-H1-F8-F
Tm 458K .
= { S
< L - c
NP OO0 /\/ w
N atwl =
< O
10 [ EEI
~-0
1 1 1 1 1 1
300 400 500 600
Temperature / K
[A]
1.0 PM-H1-F2F |
—_ ©-Getee-¢o-0—0
S - 'g
305t —JR/ &
> i
< Tg 346K
0 L o . . : .
V™~ Tmaszk PM-H1-F8-F
25}

- .
= 201 by §
& w
> 15f
z !

1.0f —

300 400 500 600

Temperature / K
[B]
Figure 5. Temperature dependences of A,./A,; for PF-H1-

Fn-Y (A) and A,c—o) for PM-H1-Fn-Y (B), with DSC heating
curves.

PM-H1-F8-F, in which the »(C=0) bands do not split
at all, as seen in Figure 3. The values of A,c-o) show
no temperature dependence and scarcely change near
Ty or Tr. Figure 6 shows plots of A,2/A,1 versus AHp,
(in kJ mol™1) for all PF-H1-Fn-Y homologues including
several samples prepared by different annealing condi-
tions. Apparently, the plots are divided into two curves,
one is for the shorter fluoroalkyl homologues (n = 1,2)
and the other is for the longer fluoroalkyl homologues
(n = 7). As mentioned in the Introduction, our previous
X-ray work revealed that the crystallites in the shorter
fluoroalkyl homologues (n = 1—4) consist of main
backbone chains and fluoroalkyl side chains but the
main backbone chains are predominantly packed to
form the crystallites, while in the longer fluoroalkyl
homologues, the fluoroalkyl side chains play a signifi-
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Figure 6. Relationship between A,,/A,; values at room
temperature and heats of fusion (AHny in kJ mol™): (0) PF-
H1-F1-F; (O) PF-H1-F2-H; (O) PF-H1-F2-F; (¢) PF-H1-F7-F;
(®) PF-H1-F8-F; (W) PF-H1-F9-F; (¥) PF-H1-F11-F.

cant role in forming the crystallites, although the main
backbone chains are also ordered to some extent. In
PH-H1-Fn-Y and PM-H1-Fn-Y homologues, on the other
hand, it has been found that the shorter fluoroalkyl
homologues are noncrystalline and in the long fluoro-
alkyl homologues, the fluoroalkyl side chains are ar-
ranged to form the crystals but the main backbone
chains do not show any ordering. The values of AH,
observed in long fluoroalkyl PF-H1-Fn-Y homologues
would include the enthalpy changes for both meltings
of the ordered main backbone and the fluoroalkyl side
chains. The increase of A,2/A,1 with AH, is much larger
for the short fluoroalkyl homologues than for the long
fluoroalkyl homologues and, moreover, the »(C=0O) does
not split at all for PM-H1-F8-F, which means A,/A,1 =
0, independent of AH,,. Referring to the X-ray diffrac-
tion results, therefore, we conclude that the value of A,/
A,1, which depends substantially on A,,, is closely
connected with the degree of ordering of the main
backbone chains in the crystallites. In PF-H1-Fn-Y
homologues, the main backbone chains are ordered
together with the C=0O groups of the esters in the
crystallites, and the C=0 groups incorporated into the
crystallites are preferentially in cis conformation to the
oC—F bonds, which results in strengthening the higher
frequency band (A,2). It is important to learn that the
main backbone chains are ordered in the crystallites,
even in the longer fluoroalkyl PF-H1-Fn-Y homologues.
The splittings of the »(C=0) bands found in the melts
of PF-H1-Fn-Y, whose values of A,,/A,; are approxi-
mately 0.8 for all the homologues (Figure 5A), may be
dependent on their stereoregularity.

Figure 7 shows polarized IR spectra for the uniaxially
drawn PF-H1-F2-F and PM-H1-F2-F sheets, where ||
and 00 mean IR spectra measured when the drawing
direction is parallel to the polarizer and perpendicular
to the polarizer, respectively. In PF-H1-F2-F, both the
11(C=0) and »,(C=0) bands are anisotropic and are
larger perpendicular (0) to the polarizer than parallel
() to the polarizer, but the v(C=0) band for PM-H1-
F2-F is isotropic. In other words, the drawn PF-H1-
F2-F sheet has a perpendicular dichroism but the drawn
PM-H1-F2-F shows no dichroism. The isotropy of PM-
H1-F2-F convinces us again that PM-H1-F2-F is non-
crystalline. In Figure 8, the dichroic ratio is plotted
against the uniaxially drawing ratio for v;(C=0) and
12(C=0) in the drawn PF-H1-F2-F sheet, where the
dichroic ratio is defined as A/An. The dichroic ratio
increases with increasing draw ratio for both the »;-
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(C=0) and v»,(C=0) bands, but the magnitude of the
increase is larger for the v,(C=0) band than the
v1(C=0) band. This dichroism was observed for all the
uniaxially drawn PF-H1-Fn-Y homologues used here.
Our previous X-ray work revealed that the uniaxially
drawing increases the degree of crystallinity and that
the main backbone chains are arranged in a parallel
direction to the drawing direction and the fluoroalkyl
side chains are ordered in a perpendicular direction to
the main backbone chains. The perpendicular dichro-
ism for the two v(C=0) bands indicates that the C=0
groups are packed together with the main backbone
chains in the crystallites and the C=0 bonds are almost
in a perpendicular direction to the main backbone
chains.

Conclusion

From the present IR spectral studies, we obtained the
following results on the structure of crystallites in PF-
H1-Fn-Y. In the shorter fluoroalkyl homologues (n <
7), the main backbone chains are predominantly ordered
together with the C=0 groups of the esters to form
crystallites, while in the longer fluoroalkyl homologues
(n = 7), the fluoroalkyl side chains are predominantly
packed together to form crystallites but an ordering of
the main backbone chains also exists. It is to be
emphasized that C=O bonds incorporated into the
ordered main backbone chain region are predominantly
in cis conformation to aC—F bonds, and the C=0 bonds
are almost in a perpendicular direction to the main
backbone chains in the crystallites.
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