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ABSTRACT: Polydimethylsiloxane (PDMS) has been widely used as a surface
coating material, which has been reported to possess dynamic omniphobicity to a
wide range of both polar and nonpolar solvents due to its high segmental flexibility
and mobility. However, such high flexibility and mobility also enable penetration of
small molecules into PDMS coatings, which alter the chemical and physical
properties of the coating layers. To improve the anti-penetration properties of
PDMS, a series of fluorinated alkyl segments are grafted to a diblock copolymer of
polystyrene-block-poly(vinyl methyl siloxane) (PS-b-PVMS) using thiol−ene click
reactions. This article reports the chemical characterization of these model
fluorosilicone block copolymers and uses fluorescence measurements to investigate
the dye penetration characteristics of polymer thin films. The introduction of longer
fluorinated alkyl chains can gradually increase the anti-penetration properties as the
time to reach the maximum fluorescence intensity (tpeak) gradually increases from
11 s of PS-b-PVMS to more than 1000 s of PS-b-P(n-C6F13-VMS). The improvement of anti-penetration properties is attributed to
stronger inter-/intrachain interactions, phase segregation of ordered fluorinated side chains, and enhanced hydrophobicity caused by
the grafting of fluorinated alkyl chains.
KEYWORDS: polydimethylsiloxane, coating, antipenetration, fluorination, in situ fluorescence

■ INTRODUCTION
Control of penetration, the phenomenon of small molecules
passing through a polymer layer, is highly desired in many
applications, such as anticorrosion of metal substrates,1 anti-
graffiti coatings,2 wastewater treatment,3 and gas separation.4

In addition to these uses, polydimethylsiloxane (PDMS) is
widely employed as a surface coating material for anti-fouling,5

anti-protein,6 anti-friction,7 anti-icing,8 and self-cleaning
applications9−11 due to its low surface energy of 20.4 mN/
m12 and the ability of PDMS coatings to covalently bond to a
broad range of substrates.13−16 The penetration of small
molecules, such as solvent molecules, in PDMS materials is
common and occurs in microfluid devices,17,18 mem-
branes,19,20 and sensors,21,22 which is known to lead to
swelling of PDMS in some cases23 and produce changes to its
chemical and physical properties.21,22,24−28 Furthermore, the
liquid-like behavior of PDMS (due to its low rotation barrier
around the Si−O bond (3.3 kcal/mol), weak inter-/intrachain
interactions, and the low glass transition temperature of PDMS
(−127 °C))12 not only results in dynamic omniphobicity (a
surface property repelling both polar and nonpolar solvents
and allowing liquid droplets to roll off easily at small tilting
angles) on its brush-type coatings29,30 but can also enhance the

ability of small molecules to penetrate a PDMS layer.31

Especially for coatings that are immersed in a penetrant for
extended times, such as barrier materials or even hull marine
antifouling coatings, the time-dependent penetration of
unwanted small molecules may also be a key consideration
in the selection of coating materials. For example, the
hydrolysis of PDMS coatings during water penetration may
reduce their durability and hydrophobicity after immersion in
water for extended periods.8 Recently, the permeation of NaCl
and CaCl2 salts through a PDMS membrane and their
deposition on its substrate has also been reported,32 which
will compromise the application of a PDMS coating system for
anticorrosion in high-salinity seawater.
To control penetration in PDMS coatings, methods have

been developed using crosslinking to limit PDMS chain
flexibility and mobility31,33−35 or using coatings to form

Received: February 1, 2024
Revised: March 24, 2024
Accepted: March 28, 2024

Research Articlewww.acsami.org

© XXXX American Chemical Society
A

https://doi.org/10.1021/acsami.4c01905
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

C
O

R
N

EL
L 

U
N

IV
 o

n 
A

pr
il 

15
, 2

02
4 

at
 2

0:
52

:1
2 

(U
TC

).
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhenglin+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Krishnaroop+Chaudhuri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Florian+Kaefer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anthony+P.+Malanoski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kirt+A.+Page"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Louisa+M.+Smieska"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Louisa+M.+Smieska"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jonathan+T.+Pham"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christopher+K.+Ober"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.4c01905&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c01905?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c01905?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c01905?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c01905?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c01905?fig=tgr1&ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.4c01905?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf


additional protective films to prevent access to the PDMS
layer.36−38 However, these methods cannot guarantee that all
flexible segments are fixed in the cross-linked networks. The
coatings may also require complicated processes for additional
protective layers, including vapor deposition, plasma oxidation,
and further surface reactions. Compared with the above
methods, introducing specific functional groups onto PDMS
can directly tailor the physical and chemical properties.39,40 For
example, PDMS functionalized with poly(ethylene glycol)
methyl ether acrylate can improve the permeability of CO2 and
selectivity over N2.

40

Block polymers of PS-b-PDMS were specifically designed for
antifouling applications in our previous research, where the PS
block can act as an anchor in a pretreated surface coated with
polystyrene-block-poly(ethylene-ran-butylene)-block-polystyr-
ene to physically hold the PS-b-PDMS.41 And our recent
antipenetration paper on block copolymers of PS-b-PDMS
indicated that a higher weight fraction of PDMS would reduce
surface coatings’ anti-penetration properties.42 In this paper,
we present an easy and effective method to directly
functionalize PDMS with a series of fluorinated alkyl chains

by thiol−ene click reactions41 to gradually tune its material
properties and study anti-penetration behavior. The addition of
fluorinated alkyl chains to PDMS is expected to improve its
anti-penetration properties because of the hydrophobicity and
oleophobicity of fluorinated alkyl chains, which can suppress
wetting by solvents and subsequent penetration.2 However, the
influence of the length of fluorinated alkyl groups on the anti-
penetration properties of PDMS has not been explored in a
systematic manner. Here, through the thiol−ene click reactions
on the vinyl groups of polystyrene-block-poly(vinyl methyl
siloxane) (PS-b-PVMS) with fluorinated alkyl thiols (n-
CxF2x+1(CH2)2SH) (x = 1−4, 6), we synthesized a series of
fluorosilicone block copolymers (PS-b-P(n-CxF2x+1-VMS), see
Scheme 1). The resulting polymers were characterized by
nuclear magnetic resonance (NMR) spectroscopy, differential
scanning calorimetry (DSC), small-angle X-ray scattering
(SAXS), and water contact angle measurements to reveal the
effect of fluorination on the polymer flexibility, mobility, and
hydrophobicity, while anti-penetration behaviors are observed
by an in situ confocal microscopy method. Our results show
that fluorination not only improves coating hydrophobicity but

Scheme 1. Synthesis Routes of (a) n-CxF2x+1(CH2)2SH and (b) PS-b-P(n-CxF2x+1-VMS)

Figure 1. Fluorination of PS-b-PVMS polymers to provide better anti-penetration performances through improved hydrophobicity, stronger inter-/
intrachain interactions, and phase segregation.
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also increases intra- and interchain interactions and causes
phase segregation of ordered fluorinated side chains, which can
limit the flexibility and mobility of the PDMS backbone and
improve anti-penetration proporties (see Figure 1).

■ RESULTS AND DISCUSSION
A diblock copolymer PS-b-PVMS (M̅n of PS = 7.2 kg/mol
based on GPC, M̅n of PVMS = 17.2 kg/mol based on NMR,
dispersity (Đ) = 1.2, see Table S1 and Figure S1) was
synthesized by a sequential anionic polymerization, which was
further functionalized by thiol−ene click reactions with n-
CxF2x+1(CH2)2SH (see Scheme 1). Details of the synthesis and
characterization of fluorinated thiols, PS-b-PVMS, and PS-b-
P(n-CxF2x+1-VMS) can be found in the Experimental Section.
NMR spectra in Figure 2 show that n-C6F13(CH2)2SH was
successfully grafted to PS-b-PVMS�the signals of the vinyl
group of PS-b-PVMS (the multiplets between 5.70 and 6.20
ppm) and the signals of the thiol group of n-C6F13(CH2)2SH
(the triplet at 1.61 ppm) were not observed in the 1H NMR
spectrum of PS-b-P(n-C6F13-VMS). Instead, four methylene
groups (labeled with green, pink, blue, and red) with a ratio of
integration areas of 1:1:1:1 can be detected in the 1H NMR
spectrum of PS-b-(n-C6F13-PVMS). At the same time, the 29Si
NMR spectrum shifted from −34.96 to −23.84 ppm, which
indicates that all vinyl groups were converted to methylene
groups.43 For the 19F NMR spectrum of PS-b-P(n-C6F13-VMS)
(see Figure 2b), similar fluorine chemical shifts can be detected
as in n-C6F13(CH2)2SH, but all fluorine signals shifted upfield
compared with corresponding fluorine signals from n-

C6F13(CH2)2SH. For example, the chemical shift of CF3 in
PS-b-P(n-C6F13-VMS) shifted upfield with a difference of
chemical shift (Δδ) of −1.30 ppm relative to the CF3 in n-
C6F13(CH2)2SH. Upfield shifting can also be observed for the
two methylene groups of the fluorinated alkyl chain (labeled
with blue and red), indicating that the fluorinated alkyl chain
was shielded by higher electron density after the thiol−ene
reaction. The upfield shifting in 1H and 19F NMR spectra of
the n-CxF2x+1(CH2)2 group increases with a longer fluorinated
alkyl chain (see Table 1). While using PS-b-PVMS as a
reference, an increased downfield shift can be observed in the

Figure 2. 1H NMR (a), 19F NMR (b), and 29Si NMR spectra (c) for n-C6F13(CH2)2SH, PS-b-PVMS, and PS-b-P(n-C6F13-VMS) in CDCl3. The
“+” and “−” are generated from the difference in chemical shifts (Δδ) between PS-b-P(n-C6F13-VMS) and n-C6F13(CH2)2SH or PS-b-PVMS, which
indicate that the chemical shifts of PS-b-P(n-C6F13-VMS) move downfield and upfield, respectively.

Table 1. Difference of Chemical Shifts (Δδ) of PS-b-P(n-
CxF2x+1-VMS) Compared to n-CxF2x+1(CH2)2SH (1H and 19F
NMR) and PS-b-PVMS (29Si NMR)

polymer
Δδ in 1H

NMRa (ppm)
Δδ in 19F

NMRb (ppm)
Δδ in 29Si

NMRc (ppm)

PS-b-P(CF3-VMS) −0.02, −0.05 −0.13 +11.08
PS-b-P(n-C2F5-VMS) −0.02, −0.07 −0.17 +11.09
PS-b-P(n-C3F7-VMS) −0.03, −0.09 −0.35 +11.09
PS-b-P(n-C4F9-VMS) −0.06, −0.09 −0.59 +11.10
PS-b-P(n-C6F13-VMS) −0.09, −0.13 −1.30 +11.12

aThe Δδ of 1H NMR between the corresponding methylene groups
(marked as blue, left in the column, and red, right in the column, in
Figure 2) in PS-b-P(n-CxF2x+1-VMS) and n-CxF2x+1(CH2)2SH. bThe
Δδ of19F NMR between the terminal CF3 groups in PS-b-P(n-CxF2x+1-
VMS) and n-CxF2x+1(CH2)2SH. cThe Δδ of 29Si NMR between PS-b-
P(n-CxF2x+1-VMS) and PS-b-PVMS.
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29Si NMR spectra of PS-b-P(n-CxF2x+1-VMS) (Table 1 and
Figure S6). Therefore, the NMR results imply interactions
between silicon and fluorine in PS-b-P(n-C6F13-VMS) as the
electron donor and electron acceptor, respectively. Such
interactions between silicon and fluorine were also reported
in polysilanes.44,45 The degree of chemical shifts mentioned
above increases with the length of fluorinated alkyl chains,
which implies that a longer fluorinated alkyl chain can result in
stronger inter- and intrachain interactions because of the
attraction between the atoms of fluorine and silicon.
The thermal properties of the fluorinated PS-b-PVMS

polymers were characterized by DSC. A first heating cycle
during DSC runs was employed to remove any prior thermal
history, and DSC thermograms of the second heating cycle are
shown in Figure 3a; the related Tgs can be found in Table 2.
Two glass transition temperatures for both PS and PVMS
blocks would be expected due to phase separation of PS and
polysiloxane.46,47 For the synthesized PS-b-PVMS, a Tg of 73

°C for the PS block was detected, while the Tg of the PVMS
block was not detected as it is about −100 °C48 and out of the
tested range. After grafting fluorinated alkyl chains onto PS-b-
PVMS, the Tg increases with the length of the fluorinated alkyl
chain from −68 to −42 °C. For PS-b-P(n-C6F13-VMS), a
melting signal at around −15 °C is observed with an enthalpy
of 1.32 J/g, which may be the result of melting ordered
domains formed by the longer side chain of n-C6F13.

49−52 A
similar Tg trend was also reported in polymers of poly(n-
alkylmethylsiloxane), where the Tg increased from −126 to
−108 °C when the length of the n-alkyl group increased from a
methyl group to an n-hexyl group (see Table 2).53 Both
fluorinated alkyl chains and nonfluorinated alkyl chains can
increase the Tg of polysiloxanes, but the fluorinated ones show
a stronger influence. This is evident by comparing the Tg of
−68 °C in PS-b-P(CF3-VMS) and the Tg of −108 °C in
poly(n-hexylmethylsiloxane), where they have a similar side
chain length. The increase in Tg of PVMS was observed with

Figure 3. (a) DSC thermograms of PS-b-P(n-CxF2x+1-VMS) measured on the second heating scan at 10 °C/min. (b) SAXS profiles of PS-b-P(n-
CxF2x+1-VMS) and a hypothesized model of hexagonally packed cylinders, where q* is the primary peak for each SAXS profile and all peaks are
marked with colorful arrows and relative values of q*. Note: the same color system is used in parts (a) and (b) to represent the tested polymers.

Table 2. Measured Glass Transition Temperatures of PS-b-P(n-CxF2x+1-VMS) and Previously Reported Glass Transition
Temperatures of Poly(alkylmethylsiloxane)

polymers reported in this paper Tg of PVMS block (°C) Tg of PS block (°C) polymers reported before53 Tg (°C)
PS-b-PVMS a 73 PDMS −126
PS-b-P(CF3-VMS) −68 75 poly(ethylmethylsiloxane) −139
PS-b-P(n-C2F5-VMS) −67 78 poly(n-propylmethylsiloxane) −120
PS-b-P(n-C3F7-VMS) −62 79 poly(n-butylmethylsiloxane) −115
PS-b-P(n-C4F9-VMS) −61 85 poly(n-pentylmethylsiloxane) −112
PS-b-P(n-C6F13-VMS) −42 82 poly(n-hexylmethylsiloxane) −108

aThe Tg of PVMS was reported to be around −100 °C.48

Table 3. Composition, SAXS Morphology Data, and Water Contact Angle of PS-b-P(n-CxF2x+1-VMS)

polymer polymer’s molar mass weight fraction of n-CxF2x+1 weight fraction of PS q*(Å−1) dspacing (nm) water contact angle (deg)

PS-b-PVMS 24 743 0 29% 0.028 23 91.9 ± 0.9
PS-b-P(CF3-VMS) 50 769 27% 14% 0.024 26 85.1 ± 2.3
PS-b-P(n-C2F5-VMS) 60 771 39% 11% 0.021 30 98.7 ± 1.0
PS-b-P(n-C3F7-VMS) 70 771 48% 10% 0.020 32 106.7 ± 0.9
PS-b-P(n-C4F9-VMS) 80 733 54% 9% 0.019 33 110.2 ± 1.0
PS-b-P(n-C6F13-VMS) 100 777 63% 7% 0.019 33 111.2 ± 2.0
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the length of the fluorinated alkyl chain, which implies that the
flexibility of PVMS was limited by a longer fluorinated alkyl
chain. Decreasing chain flexibility and enabling fluorinated
domain formation may be beneficial for limiting small
molecular penetration. For Tg of the PS block, it became less
obvious after fluorination, which can be attributed to the
decreased mass percentage of the PS block (from 29 to 7%, see
Table 3) and the small change in the heat capacity of the PS
block near its Tg.

46

The grafting of fluorinated alkyl chains on PS-b-PVMS also
decreased their solubility in THF as shown in Figure S7. For
PS-b-PVMS and PS-b-P(n-CxF2x+1-VMS) with x = 1 and 2,
they dissolved well in THF (concentration = 80 mg/mL), and
the solution flowed after inverting the vials. However, for PS-b-
P(n-CxF2x+1-VMS) with x = 3, 4, and 6, their solutions cannot

flow at the same concentration and stick on the bottom of the
vials. These phenomena also support the fact that PS-b-P(n-
CxF2x+1-VMS) with longer fluorinated alkyl chains has stronger
cohesion among polymer chains.
The effect of fluorination on the morphology of bulk

samples of PS-b-P(n-CxF2x+1-VMS) was investigated by SAXS.
The morphologies of PS-b-PDMS polymers have been widely
explored due to the phase separation between PS and PDMS.
Factors such as weight fractions of PS and PDMS,46,54 solvents’
selectivity,55 plasticizers,56 and topologies of block polymers of
PS and PDMS were reported to significantly affect the
morphology.57,58 For this study, we focus on the influence of
the fluorinated alkyl chain length on the morphology of PS-b-
PVMS. As shown in Figure 3b, the SAXS profile of PS-b-PVMS
shows that its morphology matches that of hexagonally packed

Figure 4. (a) Schematic (not to scale) of the imaging setup for penetration experiments. The yellow dashed box represents the area under
observation by a confocal microscope, which is imaged from the bottom. P1 and P2 denote dye penetration occurring in the downward and lateral
directions, respectively. (b) Total fluorescence intensity in coatings of different PS-b-P(n-CxF2x+1-VMS) species vs time. For clarity, the species
where x = 0, 4, and 6 have been plotted separately (red dotted box). Shaded areas represent errors calculated by taking the standard deviation over
three experiments. The spatiotemporal fluorescence intensities of PS-b-PVMS(d), PS-b-P(CF3-VMS) (e), PS-b-P(n-C2F5-VMS) (f), PS-b-P(n-
C3F7-VMS) (g), PS-b-P(n-C4F9-VMS) (h), and PS-b-P(n-C6F13-VMS) (i) in the test area were recorded to track the dye penetration behavior over
both coating thickness (vertical axis) and time (horizontal axis), where the color inside the coating layer represents the z-axis fluorescence intensity
(the color bar). The fluorescence intensities in part (b) have been calculated by integrating the spatiotemporal fluorescence intensities (over the
vertical axis) in the coating region. The drop and the glass regions have been excluded from the calculations and are artificially colored red and
black for clarity, respectively. (c) Rate of change in fluorescence intensity in the coatings just after the deposition of the drops. The values are
calculated by measuring the slope of a straight line (d[fluorescence intensity]/dt) that best fits the data in part (b) for time scales much less than
the peak formation time. Errors are calculated from the standard deviation over 3 samples. Note: the same color system is used in parts (b) and (c)
to represent the tested polymers.
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cylinders (HEX) as the relative values of q/q* are 1, √4, and
√7, which are the (1,0), (2,0), and (2,1) peaks of the
hexagonal lattice, respectively.59 For PS-b-P(CF3-VMS), its
SAXS profile shows more peaks with q/q* of 1, √3, √4, √7,
√9, and √13, which are the (1,0), (1,1), (2,0), (2,1), (3,0),
and (3,1) peaks of a HEX, respectively.60 Compared with PS-
b-PVMS, the SAXS results show that PS-b-P(CF3-VMS) has a
morphology of more ordered HEX, which may be explained by
the limitation of the flexibility of the PVMS backbone after the
introduction of CF3 that can limit the deformation of its
microdomain.61 For the SAXS data of PS-b-P(n-CxF2x+1-VMS)
with x = 2−4, most of the characteristic peaks of HEX can be
observed as in PS-b-P(CF3-VMS); we can also notice one new
shoulder peak between q* and √3q* for PS-b-P(n-C2F5-
VMS), disappearance of the peak at √7q* for PS-b-P(n-C3F7-
VMS), and disappearance of the peak at √9q* for PS-b-P(n-
C4F9-VMS). A small peak of 0.5q* can be found in the SAXS
profiles of PS-b-P(n-CxF2x+1-VMS) when x = 1, 3, and 4, which
may be from a long-order structure.62 Furthermore, only peaks
of q*, √3q*,√7q*, and √19q* (from (3,2) of a HEX) can be
observed for PS-b-P(n-C6F13-VMS). The change of SAXS
pattern from HEX of PS-b-P(CF3-VMS) becomes more
obvious with a longer fluorinated alkyl chain and may be
explained by the decreased weight fraction of PS (see Table 3)
and phase segregation of ordered fluorinated side chains.
Especially for PS-b-P(n-C6F13-VMS), the crystallization caused
by the n-C6F13 side chain, as indicated by the melting signal in
DSC, may further prevent the formation of a classic HEX
morphology. On the other hand, both PS-b-P(n-C6F13-VMS)
and PS-b-P(n-C4F9-VMS) have the same dspacing of 33 nm, and
the peaks at q*and √3q*of PS-b-P(n-C6F13-VMS) are wider
than the corresponding peaks of PS-b-P(n-C4F9-VMS). These
may indicate that tighter packing structures with a broader
distribution of the distances between adjacent PS cylinders
existed in PS-b-P(n-C6F13-VMS), which may be caused by the
crystallization. In addition to the weak interactions of
fluorinated alkyl chains with guest molecules because of its
low polarizability,63 a tighter packing would help the formation
of fluorinated domains and hinder small molecule transport,
which would be beneficial for creating protective barrier
coatings.
To study the surface wetting properties after fluorination,

water contact angles of PS-b-P(n-C6F13-VMS) were measured
by a standard, static sessile drop method. The average water
contact angle decreased from 92° of PS-b-PVMS to 85° of PS-
b-P(CF3-VMS) and then kept increasing with the length of the
fluorinated alkyl chain until it reached 111° for PS-P(n-C6F13-
VMS) (see Table 3). The decrease of the water contact angle
of PS-b-P(CF3-VMS) can be explained by a strong dipole
caused by the group of CH2CF3, which would increase the
dipole−dipole interactions with water and result in a higher
wettability.64,65 For longer fluorinated alkyl chains, the
CH2CF2 group would be buried by the n-Cx−1F2x−1 group
and stay away from the surface; therefore, the hydrophobicity
caused by the fluorinated alkyl chain would dominate the
surface properties and show higher water contact angle.66,67

The penetration behavior of a fluorescent dye into PS-b-P(n-
CxF2x+1-VMS) was measured by recording the spatiotemporal
change in fluorescence inside the coating using in situ confocal
microscopy after a dye-loaded aqueous solution drop was
placed on the target layer (Figure 4a). Rhodamine B was used
as a model penetrant since it penetrates neat PDMS and can be
tracked fluorescently. A more detailed setup and description of

the penetration experiment can be found in the Experimental
Section and in our previous publication.42 The fluorescence
intensity distribution in the coating is shown for the polymers
with different fluorinations (Figure 4d−i).To obtain a more
intuitive understanding of the change in penetration kinetics,
the intensity inside the coating is integrated along the spatial
vertical axis to obtain the total change in fluorescence inside
the coating over time (Figure 4b). This value is normalized by
the thickness (∼10 μm) of the respective coating because there
is a minor variation in thickness across samples, and this
normalized intensity is written with the units of [intensity]/
[length] or px/μm. In our recent publication, for all PS-b-
PDMS species, a nonmonotonic behavior was seen�there was
a short, rapid increase, followed by a peak formation at time t =
tpeak, and then a slower decrease to a steady-state value.42 We
hypothesized that a similar nonmonotonic behavior in the
penetration of PS-b-PVMS block copolymers seen here
occurred through two concurrent directional penetration
processes termed P1 and P2 (Figure 4a), which are governed
by the thin geometry of the coating and not by an inherent
material property (noting that we are only visualizing a small
region in our imaging window, represented as a yellow box in
Figure 4a). The faster process P1, which occurs along the
micrometer-scale thickness of the coating in the vertical
direction, is responsible for the rapid influx and accumulation
of the dye, causing an increase in fluorescence intensity.
Process P2 is along the lateral direction and transports the dye
radially (over millimetric length scales) from underneath the
drop to the “cleaner” regions of the coating with a lower dye
concentration, decreasing the fluorescence intensity. Both P1
and P2 penetrations are driven by the difference in the
chemical potential of the dye from high-concentration areas to
low-concentration areas. For the PS-b-PVMS species, the
fluorescence intensity continued to increase until 11 s, with a
maximum fluorescence intensity of 3400 px/μm, and then
continued to decrease within ∼200 s, and its fluorescence
intensity remained constant at around 2100 px/μm (Figure
4b). The fluorescence intensity over time shows that the
penetration behavior of dye in all of the coatings can be
generally divided into three regimes: (i) initially when process
P1 (accumulation of the dye into the coating within our
viewing window) dominates over P2 (diffusion of the dye
toward cleaner regions outside our confocal microscope
viewing window); (ii) around the local maxima; and (iii) a
decay region where process P2 dominates over P1, resulting in
a decrease of the fluorescence intensity until a balance in
chemical potential difference creates a steady state at long time
scales. For regime (i), when the dye drop has been just placed
on the coating, the visualized penetration is dominated by the
downward direction (P1); hence, the slope of intensity
changes in the early stages of the experiment, long before
the peak occurs (d[fluorescence intensity]/dt, t ≪ tpeak), could
be considered as a rate of penetration. As seen in Figure 4b,c,
the values of d[fluorescence intensity]/dt at t ≪ tpeak decrease
with the length of fluorinated alkyl chains, which implies that
the fluorination restricts the penetration of the dye into the
coating and longer fluorinated alkyl chains should lead to a
longer breakthrough time and better antipenetration.
For fluorinated species PS-b-P(CF3-VMS), PS-b-P(n-C2F5-

VMS), and PS-b-P(n-C3F7-VMS), the local maxima were
observed at times 137, 378, and 732 s, respectively. This
indicates that it takes a progressively longer time to attain the
local maxima of fluorescence intensity as it becomes more
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difficult for dyes to penetrate through the coatings with longer
fluorinated alkyl chains. Also, these intensity maxima become
lower with longer fluorinated alkyl chains. These two
observations imply that both the rate and extent of dye
penetration are restricted with increasing fluorination. For
coatings of PS-b-P(n-C4F9-VMS) and PS-b-P(n-C6F11-VMS),
only the initial period of increasing intensity is observed within
the experiment time (Figure 4b, inset), and no local maxima
are observed. This indicates that the penetration of the dye was
limited in these polymers.
It should be noted that even though the average fluorescence

intensity values of PS-b-PVMS are comparable to those of PS-
b-P(n-C6F13-VMS), the extent and rate of penetration of these
species are expected to be quite different. For the non-
fluorinated PS-b-PVMS copolymer, the local maximum occurs
within the first few seconds, leading to reduced accumulation
inside the region that is visualized by confocal microscopy as it
quickly moves toward cleaner regions of the coating away from
the viewing window. This leads to lower measured intensity
values. On the other hand, for the heavily fluorinated PS-b-
P(n-C6F11-VMS) copolymer, the lack of a local maximum
within the experimental time frame indicates a hindered influx
of dye, again leading to low values of fluorescence intensity; in
this instance, the dye is still making its way vertically into the
coating within our viewing window. Hence, the PS-b-P(n-
C6F13-VMS) coating, having the highest amount of fluorina-
tion, shows the best anti-penetration performance against the
dye.

■ CONCLUSIONS
PDMS polymer has been widely used in surface coatings, but
its high flexibility and mobility cause penetration problems of
small molecules, which are not conducive to the stability of its
chemical and physical properties. In this paper, fluorinated
alkyl chains (n-CxF2x+1(CH2)2, x = 1−4 and 6) were grafted to
the PS-b-PVMS backbone by thiol−ene click reactions. The
introduction of fluorinated alkyl chains not only improves the
hydrophobicity of the polymer, which can suppress surface
wetting of water, but also causes inter-/intrachain interactions
by silicon and fluorine atoms as electron donors and acceptors,
respectively, which would limit the backbone flexibility and the
mobility. At the same time, the rigidity of the fluorinated alkyl
chains and the noted inter-/intrachain interactions would
promote phase segregation or ordering of fluorinated side
chains, which may cause tight-packing layers of fluorinated side
chains to form. The improved hydrophobicity, limited
flexibility of the backbone and mobility, and phase segregation
of ordered fluorinated side chains work together to enhance
the anti-penetration performance of PS-b-PVMS, as indicated
by the in situ fluorescence tracking of Rhodamine B from an
aqueous solution. More importantly, such antipenetration can
be gradually improved with the length of the fluorinated alkyl
chain, which may be further utilized to screen molecules of
different sizes.

■ EXPERIMENTAL SECTION
Materials. n-C3F7(CH2)2I, n-C6F13(CH2)2I, anhydrous MgSO4,

and NaOH were purchased from Oakwood Products, Inc. n-
CF3(CH2)2I, n-C2F5(CH2)2I, and MeOH were purchased from
VWR International. sec-Butyllithium solution (sec-BuLi, 1.4 M in
cyclohexane), 2,2-dimethoxy-2-phenyl-acetophenone (DMPA),
(CH3)3SiCl, CaH2, thiourea, styrene, sodium, and benzene were
purchased from Sigma-Aldrich. The providers of the following

chemicals can be found in parentheses: EtOH (Decon Laboratories),
HCl (aqueous solution with a concentration of 25% in volume,
LabChem), tetrahydrofuran (THF, Avantor performance materials,
US), hexamethylcyclotri-siloxane (D3, BeanTown Chemical), and
1,3,5-trivinyl-1,3,5-trimethylcyclotrisiloxane (V3, Chem Impex Inter-
national). All of the above chemicals were used directly unless further
processes were indicated.

Synthesis of Fluorinated Alkyl Thiols (n-CxF2x+1(CH2)2SH, x =
1−4, 6). The fluorinated alkyl thiols were synthesized according to a
reported method (see Scheme 1).68 A general method for thiol
synthesis: a pear-shaped Schlenk flask of 50 mL with a magnetic stir
bar was charged with ethanol (15 mL), n-CxF2x+1(CH2)2SH (30
mmol, 1 equiv), and thiourea (1.5 equiv). The mixture was degassed
by the freeze−pump−thaw method with N2 as the inert gas. Then, the
mixture was heated to reflux for 5 h and cooled to 50 °C. Degassed
NaOH (1.2 equiv) and H2O (11.6 equiv) were added to the flask,
which was heated at 85 °C for 1 h. The reaction mixture was cooled
to room temperature (R.T.), and degassed hydrochloric acid (1 M)
was added excessively to acidify the mixture. Two immiscible liquids
were found in the flask, and the bottom organic layer was transferred
into a 2-dram vial by a pipet, which was washed with deionized water
(1 mL) twice and dried with anhydrous MgSO4. Then, the organic
layer was distilled under the protection of N2 to provide a purified
target thiol in yields of 19−57%. The NMR spectra of synthesized
fluorinated alkyl thiols are shown in Figures S2−S5 and 2a,b.

n-CF3(CH2)2SH. 1H NMR (400 MHz, CDCl3) δ 2.72 (q, J = 8.1 Hz,
2H), 2.51−2.35 (m, 2H), 1.60 (t, J = 8.3 Hz, 1H). 19F NMR (376
MHz, CDCl3) δ −67.39 (t, J = 10.3, 10.3 Hz, 3F). Yield: 22%.

n-C2F5(CH2)2SH. 1H NMR (400 MHz, CDCl3) δ 2.76 (q, J = 8.3
Hz, 2H), 2.47−2.30 (m, 2H), 1.61 (t, J = 8.4 Hz, 1H).19F NMR (376
MHz, CDCl3) δ −86.41 (s, 3F), −119.26 (t, J = 17.5, 17.5 Hz, 2F).
Yield: 53%.

n-C3F7(CH2)2SH. 1H NMR (400 MHz, CDCl3) δ = 2.83−2.70 (m,
2H), 2.51−2.33 (m, 2H), 1.61 (t, J = 8.4 Hz, 1H). 19F NMR (376
MHz, CDCl3) δ −81.52 (t, J = 9.6, 9.6 Hz, 3F), −116.21 − −116.41
(m, 2F), −128.73 − −128.84 (m, 2F). Yield: 34%.

n-C4F9(CH2)2SH. 1H NMR (400 MHz, CDCl3) δ = 2.83−2.72 (m,
2H), 2.52−2.34 (m, 2H), 1.61 (t, J = 8.4 Hz, 1H). 19F NMR (376
MHz, CDCl3) δ −81.96 − −82.03 (m, 3F), −115.46 − −115.63 (m,
2F), −125.43 − −125.47 (m, 2F), −126.94 − −127.05 (m, 2F).
Yield: 19%.

n-C6F13(CH2)2SH. 1H NMR (400 MHz, CDCl3) δ 2.78 (q, J = 8.3
Hz, 2H), 2.52−2.34 (m, 2H), 1.61 (t, J = 8.4 Hz, 1H). 19F NMR (376
MHz, CDCl3) δ −81.72 − −81.79 (m, 3F), −115.21 − −115.42 (m,
2F), −122.79 − −122.93 (m, 2F), −123.73 − −123.86 (m, 2F),
−124.45 − −124.55 (m, 2F), and −127.00 − −127.17 (m, 2F). Yield:
57%.

Synthesis of PS-b-PVMS. The synthesis of PS-b-PVMS was
carried out by a reported anionic polymerization (see Scheme 1).69

All reflux and distillation of solvents and reagents were under the
protection of a superclean gas of N2 or Ar. Both solvents of benzene
and THF were dried by overnight reflux with CaH2, distilled into
another flask with Na, and further refluxed overnight. Styrene and V3
were distilled under a vacuum after stirring with CaH2 for a day. D3
was dissolved in purified benzene and stirred with CaH2 for a day, and
then, it was distilled into a flask containing a living polystyrene-based
anion, further stirred for a day, and then distilled under a vacuum. A
Schlenk flask (50 mL) with a magnetic stirring bar was dried using a
heat gun under vacuum and the protection of Ar. Then, 40 mL of
THF and 0.21 mL of cyclohexane solution of sec-BuLi (1.4 M, 0.29
mmol) were stirred in a cold bath of acetone and dry ice (−78 °C) for
1 h. Styrene (2 mL, 17.46 mmol) was added to the reaction mixture
and stirred for 1 h. Then, 0.5 mL of the sample was taken out and
quenched in 5 mL of degassed MeOH (with a small amount of HCl)
for the NMR and gel permeation chromatography (GPC) tests of the
polystyrene block (PS). A benzene solution of D3 (1.22 M, 0.34
mmol) was added to the reaction mixture and stirred for 4 h. The cool
bath was removed, and the reaction mixture was stirred for another
hour at room temperature. Then, 0.4 mL of the sample was quenched
by the same method as mentioned above for the NMR and GPC tests
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of PS-D3. V3 (18.82 mmol) was added to the reaction mixture and
stirred for 4 h, and 0.3 mL of trimethylchlorosilane was added and
stirred overnight for termination. The product was purified by
precipitation/dissolution three times with MeOH/THF. The
structure of PS-b-PVMS was characterized by the NMR and GPC.
The structure information based on the NMR and GPC tests of PS,
PS-D3, and PS-b-PDMS can be seen in Table S1 and Figure S1.
Synthesis of PS-b-P(n-CxF2x+1-VMS). The thiol−ene click

reaction between n-CxF2x+1(CH2)2SH and PS-b-PVMS was carried
out as shown in Scheme 1. A 40 mL vial was charged with 10 mL of
THF solution of DMPA (69 mg) and PS-b-PVMS (710 mg, 3 × 10−5

mol). Another 40 mL vial was charged with 10 mL of THF solution of
n-CxF2x+1(CH2)2SH (8.2 × 10−3 mol) and a magnetic stirring bar.
The two THF solutions were bubbled with N2 or Ar for 15 min. The
THF solution of n-CxF2x+1(CH2)2SH was stirred under UV irradiation
by slowly adding the THF solution of DMPA and PS-b-PVMS using a
syringe pump in 30 min. The click reaction was carried out under UV
irradiation for another 1 h. Then, PS-b-P(n-CxF2x+1-VMS) polymers
were purified by methanol/THF (nonsolvent/solvent) and then dried
in a vacuum oven with yields between 88 and 92%. PS-b-(n-CxF2x+1-
PVMS) structures were characterized by 1H, 19F, and 29Si NMR
spectra (see Figures 2 and S2−S6 in the Supporting Information).
Characterization. 1H, 19F, and 29Si NMR spectra were recorded

by Bruker AV400 and AV500 with the peaks of CHCl3,
trifluorotoluene, and tetramethylsilane (TMS) as the reference,
respectively. GPC tests were carried out on an Agilent 1200 system
with a column set of PSS SDV for a separation range between 100 and
700 000 Da (Part number 201-0005) and a differential refractive
index detector. The eluent was HPLC-grade THF, with 1% volume
toluene as the internal standard, and the flow rate was 1 mL/min. The
calibration of GPC tests was based on standard polymers of PS. DSC
thermograms were measured by a TA Instruments DSC Auto 2500
with a temperature range between −90 and 150 °C by a heat−cool−
heat program with heating and cooling rates of 10 °C.

THF solutions of PS-b-P(n-CxF2x+1-VMS) polymers (35 μL, 0.4
mg/μL) were cast into stainless steel flat washers (inner diameter of
5.3 mm, outer diameter of 10 mm, thickness of 1 mm). After 42 h, the
solvent was evaporated, and the films of PS-b-P(n-CxF2x+1-VMS)
polymers were obtained, which were put in an oven for thermal
annealing at 120 °C for 61 h and then used for SAXS measurements.
The SAXS measurements were carried out at the Functional Materials
Beamline (FMB) of the Materials Solutions Network at the Cornell
High Energy Synchrotron Source (MSN-C). An X-ray beam energy of
9.7 keV (λ = 1.28 Å) was selected using the 111 reflection of a single-
bounce, HPHT diamond monochromator.70 Harmonic rejection and
vertical focusing are provided by a 1 m long, bendable, rhodium-
coated monochromatic mirror located approximately 7 m upstream of
the experimental hutch at an incident angle of 4 milliradians.
Experiments were carried out in “bulk-beam” mode, and the
monochromatic mirror was used to focus the beam into a spot
approximately 0.08 × 0.5 mm2 at the sample position, with a total flux
of approximately 109 photons/s at 100 mA beam current.70 Scattering
images were collected on a Pilatus 300 K detector (Dectris, Baden,
Switzerland) with a sample-to-detector distance of about 232 cm and
equipped with a diode beamstop. Detector images were azimuthally
integrated to produce intensity versus scattering vector, q(Å−1), over a
q-range of approximately 0.004−0.12 Å−1. Plots were then corrected
for both the incidence beam flux and sample absorption.

Water contact angle measurements were carried out via an
Attension Theta Lite goniometer. THF solutions of PS-b-(n-
CxF2x+1-PVMS) (1% in weight) were spin-coated on hexamethyldi-
silane-pretreated substrates (1.5 × 1.5 cm2) of a silicon wafer with a
setting of acceleration of 2500 rpm/s, speed of 5000 rpm, and spin
time of 60 s. The coated slides were put in an oven (120−130 °C) for
24 h for thermal annealing. Three replicate-coated substrates of each
polymer were obtained. Water contact angles of three points on each
coated substrate were measured by dropping 10 μL of deionized water
on the surfaces, and an average water contact angle of each PS-b-(n-
CxF2x+1-PVMS)-coated surface was obtained.

Penetration Experiments. Details of the penetration tests and
image analysis are described in a recent publication.42 Briefly, the
substrates used for the coatings were glass coverslips of thickness
∼0.15 mm that were cleaned using soap solution, distilled water, and
ethanol, dried, and then placed in a UV−Ozone chamber for surface
treatment. PS-b-P(n-CxF2x+1-VMS) was thoroughly dissolved in THF
(30% by weight) and spin-coated onto the treated glass coverslips
such that the film thickness was approximately 10 μm. This thickness
was chosen for clarity in confocal microscopy imaging and to
minimize aberration.

The coated substrate was loaded onto a Leica SP8 confocal
microscope equipped with a piezo controller, and the xz-plane was
viewed through a 40× objective, such that the cross-section of the
coating was visible, along with both its interfaces with the air and glass
(Figure 4a). A 20 μL drop of Rhodamine B in water of concentration
40 μg/g was placed on the focused region, and the confocal images
were recorded at 2 frames/s. The experiments were curtailed at ∼15
min due to evaporation effects in the drop.

The images obtained were analyzed using MATLAB to obtain the
change in the intensity of fluorescent dye inside the coating in both
time and space. By integrating the intensity over the horizontal
direction of the sample, we were able to calculate the variation in
fluorescence inside the coating over time, which is represented as a
3D surface plot (Figure 4d−i). This allowed us to visualize how the
dye localizes inside the coating over time. Further integration of this
surface along the z-axis gives us the total intensity of the dye inside
the coating at every point in time, which can be represented as a line
graph (Figure 4b). This enables a comparison of penetration between
different PS-b-P (n-CxF2x+1-VMS) coating species. Despite our best
efforts to control it, the sample thicknesses vary slightly between
samples. Hence, the intensity values are normalized by the thickness;
thus, all fluorescence data have units of [intensity]/[length],
represented as px/μm.
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