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Scheme 3 Synthesis of chain-functionalized polystyrenes with two and four CgF,; groups at both

chain-end or two positions in chain

with one phenol function at both ends was
synthesized by the reaction of difunctional
living polystyrene irﬁtiated with potassium
napthalenide with 1, followed by deprotection.
For the synthesis of the title in-chain-
functionalized polystyrene, a new prepolymer,
P-2, was first prepared by the reaction of
the above-mentioned difunctional living
polystyrene with 1, followed by treatment with
a 10-fold excess of 1,4-dibromobutane under the
same conditions used for the preparation of P-1.
The objective in-chain-functionalized polymers
were synthesized by the reaction of P-2 with
polystyryllithium and the polystyryllithium
end-capped with 1, respectively. A 1.2-fold
excess of each of the living polystyrenes
was used. Therefore, the excess unreacted
polystyrenes were removed from the polymer

mixtures by SEC fractionation. Although the

resulting polymers possess total two or four
C¢Fy; groups in the chains, each one or two CgF;
groups are separated by the polystyrene chain
(M, = 20 kg/mol).

The introduction of CgF,; groups into the
three chain-functionalized polymers with
phenols were carried out under the identical
conditions mentioned above. The results are
summarized in Table 2.

As was seen in this table, the resulting
chain-functionalized polystyrenes possessed
precisely controlled chain lengths and the
expected degree of chain-functionalization.
Abbreviations of these polymers are 1-E-1
(24K), 1-I-1 (24K), and 2-I-2 (28K), respectively.
All of the chain-functionalized polystyrenes
with CgFy; groups synthesized in this study are

illustrated in Scheme 4.

—174—



Table 2 Synthesis of in-chain-functionalized polystyrenes with one, two, and four CsF;; groups

M, x10° functionality
code caled. SEC M, caled. 'H NMR
1-2(6.2K) 6.21 6.24 1.03 2 2.07
-2(29K) 277 29.0 1.02 2 1.78
1-4(7.4K) 7.57 7.43 1.02 4 3.95
-4(24K) 238 236 1.03 4 4.00
1-1-1(24K) 239 244 1.06 2 2.24
2-1-2(25K) 245 247 1.04 4 4.00

PS PS

Scheme 4 Chain-functionalized polystyrenes with CsF,; groups synthesized and used in this study

Contact Angle Measurements of CgF ;-
Functionalized Polystyrene Films. Contact
angle measurements using both water and
dodecane droplets were carried out in order
to characterize the surface structure of
films prepared from the C¢F;,-functionalized
polystyrenes. The results are summarized in
Table 3.

Contact angles using water droplet showed
values in the range of 92.7° ~116" for all CiFy;-
functionalized polystyrene films. These values
are higher than 91.3° of the film of DPE-end-
capped polystyrene (M, = 23 kg/mol) under the
same conditions. This indicates that the CgFy;

groups are more or less enriched at the surfaces

to form more hydrophobic surfaces covered
with CgFy; groups.

The value of contact angle increased with
number of C¢F,; group in each of E and I
series and, on the other hand, decreased with
increasing molecular weight (see E-1 (6.4K) vs
E-1 (28K) and others). The effect of molecular
weight can clearly be observed in an E-2
po_lymer series having different molecular
weights. The highest value of 116° was
attained in E-4 (8.0K) that possessed four C¢Fy;
groups at the chain-end. On the other hand, I-2
(29K) possessing two CgFy; groups in the chain
showed the lowest value of 92.7°. Moreover, the

E series polymers always showed higher values
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Table 3 Contact angle measurements using water
and dodecane droplets on film surfaces of
functionalized polystyrenes with one, two,
three, and four C4F;; groups

contact angle (deg)
code
water dodecane
E-1(6.3K) 101 32.8
E-1(27K) 95.4 15:7
E-2(3.4K) 110 49.2
E-2(6.6K) 105 43.0
E-2(9.2K) 107 35.7
E-2(21K) 99.4 32.8
E-2(28K) 99.2 22.5
E-3(8.5K) 110 56.9
E-3(20K) 105 40.4
E-4(8.4K) 116 55.4
E-4(24K) 111 47.8
1-E-1(23K) 96.5 23:5
1-2(6.2K) 97.4 18.3
1-2(20K) 92.7 16.6
1-4(7.4K) 109 49.7
1-4(25K) 99.8 30.0
1-1-1(23K) 95.5 52
2-1-2(27K) 101 26.8

in contact angle than the corresponding I series
polymers. This can be rationalized by the
difference of terminal and internal C¢F,; groups
in mobility, the former being much more mobile
than the latter.

Very surprisingly, I-4 (7.3K) showed a contact
angle value higher than those of E-1 (6.0K) and
E-2 (6.6K) and comparable to that of E-3 (7.1K),
although the four C¢F; groups of I-4 (7.3K) were
placed between two polymer chains and thereby
less mobile. The similar trend was found in
a series of higher molecular weight polymers.
Thus, four C¢F;; groups introduced in the chain
appear as effective as two and three terminal
CsFy; groups for the surface enrichment.

Both 1-E-1 (28K) and 1-I-1 (24K) were
comparable in contact angle value to E-1 (28K)

and lower than E-2 (20K), although these

polymers have two CgFy; groups in chains.
Moreover, the value of 2-1-2 (24K) was almost
equal to that of E-2 (20K). Thus, surface
enrichment of the C4Fy; group(s) in 1-I-1 (24K),
2-1-2 (24K), and 1-E-1 (28K) samples appear to
be considerably disturbed by the presence of
the polystyrene chain (M, = 20 kg/mol) between
CgFy; group(s).

The influence of number and placement of
C4F; groups on the surface structure is also
indicated by measuring the contact angles
using dodecane droplet. The contact angle of
DPE-end-capped polystyrene (M, = 23K) could
not be measured by getting wet with dodecane,
whereas all CgF,~-functionalized polystyrene
samples showed measurable contact angle
values, indicating that the lipophobic surfaces
covered with C¢F,; groups apparently formed.

It was observed that the contact angle value
increased with the number of C4F,; group.
On the other hand, the value decreased with
increasing the molecular weight in all samples.
Again, this tendency was clearly observed
in an E-2 polymer series. Interestingly, both
E-1 (6.4K) and E-2 (6.6K) were comparable in
contact angle value to E-2 (20K) and E-3 (20K),
respectively. As expected, contact angles of E
series polymers were higher than those of the
corresponding I series polymers. Even in the
I series polymers, I-4 (7.3K) showed a value of
49.7°
(6.0K) and E-2 (6.6K) and somewhat lower than
those of E-3 (7.1K) and E-4 (8.0K). Similarly,
the value of I-4 (24K) was much higher than
that of E-1 (28K) and comparable to that of E-2

that was higher than the values of E-1
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(20K). The values of 1-I-1 (24K), 2-1-2 (24K),
and 1-E-1 (28K) were lower than those of the
polystyrenes having the same numbers of
CgFy; group. All things considered, the results
of contact angle using dodecane droplet are
consistent with those using water droplet.
These results indicate that the molecular
weight of the functionalized polystyrene and
the number and placement of CgF; group
are significantly influenced on the degree of
surface enrichment of CgF;; group.

It should be mentioned that dodecane
droplets on the film surfaces were not stable
and the contact angle values measured
gradually decreased with time and reached
to 10~25° after 20 min in each sample. The
reproducible values after 1 min were listed
herein and discussed. Dodecane may gradually
soak into the film inside from the surface and
possibly dissolve the second layer consisting
of polystyrene under the surface layer covered
with C4F}; groups. More number of CgF,; groups
may be required to form stable lipophobic
surfaces toward organic solvents dissolving
polystyrene like dodecane.

Surface Characterization of CgF ;-
Functionalized Polymer Films by XPS
Measurement. The surface composition as
a function of depth could quantitatively be
measured by angle-dependent XPS at take-
off angles of 10° and 80° on each of the
annealed films. Take off angles (TOA) of 10°
and 80° approximately correspond to 20A and
100 A depths from top surface, respectively.

The results are summarized in Table 4.

Table 4 Angle-dependent XPS atomic percent on film
surface of functionalized polystyrenes with

one, two, three, and four C¢F,; groups

code XPS atomic ratio (F/C)
10° TOA® 80° TOA® bulk®
E-1(6.3K) 32.2/66.0 10.8/88.8 3.4/96.4
E-1(27K) 12.9/86.1 3.7/96.2 0.8/99.2
E-2(3.4K) 50.2/48.1 26.8/71.6 13.7/85.5
E-2(6.6K) 47.5/49.6 23.4/74.8 6.9/93.1
E-2(9.2K) 33.2/65.2 13.5/85.4 4.8/94.9
E-2(21K) 26.9/71.5 10.3/87.4 2.2/97.6
E-2(28K) 25.1/73.1 8.2/91.5 1.6/98.3
E-3(8.5K) 62.2/35.3 48.8/48.6 9.1/90.4
E-3(20K) 39.0/59.3 13.9/84.7 3.1/96.7
E-4(8.4K) 53.6/44.3 31.3/65.9 9.8/89.7
E-4(24K) 53.9/43.3 30.9/67.0 4.0/95.8
1-E-1(23K) 24.5/72.9 8.2/88.4 1.9/98.0
1-2(6.2K) 27.8/70.3 11.1/86.9 10.9/88.4
1-2(20K) 20.3/78.7 6.7/93.0 1.7/98.2
1-4(7.4K) 49.1/48.4 27.2/70.9 18.8/80.1
1-4(25K) 27.2/71.3 9.6/89.0 3.8/96.0
1-I-1(23K) 15.3/83.6 5.2/93.5 1.9/98.0
2-1-2(27K) 31.4/65.7 12.5/85.8 3.7/96.0

210° and 80° TOA (take off angle) correspond to 20 and
100 A depth, resprctively.
b Calculated from chemical compositions of polymers.

It was observed in all polymer films that
the atomic percent ratios of F/C measured at
10° TOA were much higher than they were
in the bulk. In addition, the F/C values at
10° TOA higher than those at 80° TOA were
always observed. These analytical results
clearly indicate that C4F,; groups placed either
at chain-ends or in-chains are enriched at the
surfaces of the films prepared from all of C¢F,-
chain-functionalized polymers.

In both E and I series, the F/C values at
10° TOA increased with the number of CiFy;
group except for E-4 (8.0K) and decreased with
increasing the molecular weight of the polymer.
The influences of molecular weight and number
of C4Fy; group on the surface enrichment are

thus evident. However, the enrichment factor
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calculated from F/C value at 10° TOA and
that of bulk was observed to increase with the
molecular weight in all polymer samples.

The contrast by the placement of CgFy;
group is primarily provided by comparing the
F/C values at 10° TOA of E-2 (6.6K) and E-2
(29K) with those of I-2 (6.1K) and I-2 (29K). As
expected from the results of contact angles,
a very high F/C value could be observed in
the film prepared from I-4 (7.3K). It was
comparable to that of E-2 (6.6K) and somewhat
lower than those of E-3 (20K) and E-4 (24K).
Similarly, the F/C value of 1-4 (24K) was higher
than that of E-1 (28K) and equal to that of E-2
(20K) or E-2 (29K). It is again indicative from
the XPS results that the surface enrichment by
inner C¢F}; group is usually less effective than
that by terminal one but becomes comparable
by introducing more numbers of CgF,; groups.
The F/C values of 1-E-1 (28K) and 1-I-1 (24K).

Very interestingly, the F/C values of E-2
(3.5K), E-2 (6.6K), E-3 (7.1K), E-4 (8.0K), E-4
(24K), and I-4 (7.3K) were very close to the
value between 48.6/48.6 and 58.6/37.9 that were

20 A

Figure 1
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calculated based on the Cg¢F;,-functionalized
moieties of CgF;;(CH,);OC:H, and CsF,,(CH,);0
groups. Their oxygen atomic percents of 2.5
~2.8 % were comparable to the calculated
values (2.9~3.5 %). The molecular length of
C¢F,(CH,);0C¢H, group is approximately 18
~22 A based on the molecular model. As
mentioned before, the outmost surface
analyzable at 10° TOA by XPS is about 20 A.
It can be therefore pointed out that the surfaces
of these films are covered completely with the
C¢F-functionalized moieties on the assumption
that the moieties are highly ordered and
oriented with the chain axis perpendicularly to
the surface. The postulated surface structure is
shown in Figure 1.

The F/C values of the corresponding higher
molecular weight polymers except for E-4 (24K)
were, however, lower than those estimated.
Molecular sizes of the CgF,-functionalized
moieties relative to the main polymer chains
may be too small to cover all areas of the surface.
More C4F,; groups are needed. Estimating from

the F/C value of E-4 (24K) at 10° TOA, on the

0
20 A

@ = C;F;(CH,);-0-C¢H, group
Lﬂ—J

18~22 4 (molecular model)

Postulated surface structure
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other hand, four C¢Fy; groups may be sufficient

to cover all surface area.

Conclusions

We have synthesized various chain-end-
and in-chain-functionalized polystyrenes
with one, two, three, and four CgF;; groups
by means of the methodology using
functionalized DPE derivatives and living
anionic polymers of styrene. These polymers
were precisely controlled in chain length and
quantitatively functionalized. Preferential
surface enrichment of C4F,; group could be
observed in all films prepared from chain-
end- and in-chain-functionalized polymers
synthesized in this study. As evidenced by
the analytical results with contact angle and
XPS measurements, the extent of surface
enrichment was significantly influenced by
the molecular weight of the functionalized
polymer and the number and placement of the
introduced Cg4F,; group. Surprisingly, even
in the polymer films prepared from in-chain-
functionalized polystyrene, a high degree of
surface enrichment was realized by introducing
four C¢Fy; groups, although such internal CgFy;
groups were likely to be much less mobile. It
was suggested by XPS measurement that all
surface areas might be completely covered with
the CgFy;-functionalized moieties represented as
C4F;(CH,) ;0 and/or C4F;(CH,);OC¢H, groups
in some functionalized polymers.

Although the results herein obtained seem
indicative and interesting, a more detailed

study will be needed to know the fundamental

understanding regarding the effect of number
and placement of C4Fy; group on surface
enrichment. Current research therefore focuses
on the synthesis of chain-end- and in-chain-
functionalized polymers with five or more CgFy;
groups. In addition, the synthesis of chain-
functionalized polymers possessing low Tg and
hydrophilic segments and block copolymers
and their surface characterization are now

under investigation.
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