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ABSTRACT: Glassy polymer films with extreme stability could enable
major advancements in a range of fields that require the use of polymers in
confined environments. Yet, from a materials design perspective, we now
know that the glass transition temperature (T,) and thermal expansion of
polymer thin films can be dramatically different from those characteristics
of the bulk, ie., exhibiting confinement-induced diminished thermal
stability. Here, we demonstrate that polymer brushes with an ultrahigh
grafting density, i.e., an ultradense brush morphology, exhibit a significant
enhancement in thermal stability, as manifested by an exceptionally high T,
and low expansivity. For instance, a 5 nm thick polystyrene brush film
exhibits an ~75 K increase in T, and ~90% reduction in expansivity
compared to a spin-cast film of similar thickness. Our results establish how
morphology can overcome confinement and interfacial effects in controlling
thin-film material properties and how this can be achieved by the dense
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packing and molecular ordering in the amorphous state of ultradense brushes prepared by surface-initiated atom transfer
radical polymerization in combination with a self-assembled monolayer of initiators.
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is characterized by the chemical grafting of each chain

at one end to a solid surface. The brush morphology,
which is different from that of thin films prepared by spin
coating, has good ability to modify the interfacial properties of
the substrate, including wettability and adhesion.”” A
predominant feature of polymer brushes is that the areal
grafting density (op) strongly influences structure and
properties.”* When o, > ZRg_Z, where R, is the radius of
gyration of the unperturbed chain, the chains are in the “brush”
regime, which is characterized by their extension in the
direction perpendicular to the substrate.”” In this regime,
brushes can exhibit a variety of enhancements in physical
properties relative to those of other film morphologies, e.g,
higher Tg,5 enhanced modulus,® reduced friction,” resistance
against compression,” and reduction in swelling capacity.’
Notably, the changes in material properties occur even though
Op <K Oppay in which op,,, is defined as the theoretical
maximum brush density assuming a fully stretched chain
conformation.'’ As an example, for polystyrene (PS) and
poly(methyl methacrylate) (PMMA), two thoroughly inves-
tigated brushes, the typical op reported is 0.1—0.7 nm™~%>>'>"
which is far below the op ,,, of 1.45 and 1.52 nm™2 for PS and
PMMA, respectively.'’ In other words, the reduced grafting

g polymer brush is a thin film, in which the morphology
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density (Gp* = Op/Op may) i far below unity. It has been shown
theoretically that when o,* approaches unity (ie, the
theoretical maximum of GP)—here defined as the definition
of an ultradense brush—a well-ordered film structure with
higher-order intermolecular interactions exists,"”~'* which may
alter thermodynamic properties of the tethered chains and
even drive them into the crystal state.'” Since the discovery of
polymer brushes, there remain significant efforts”' "> to
prepare such polymers with ultradense brush morphology
(see Figure S1). The formation of polymer brushes with an
ultrahigh grafting density will allow for investigations on how
this distinctive morphology, characterized by hypereflicient
chain packing, can lead to transformative changes in material
properties.

The two primary approaches developed to generate polymer
brushes are “grafting-to” and “grafting-from” methods.'™"*
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Figure 1. (a) Schematic diagram of the process of attaching initiators atop Si via the self-assembly of a TDBPA monolayer with a long alkyl
spacer and the local structure of the TDBPA molecules within the SAM. (b) The water contact angle of TDBPA SAMs obtained as a function
of deposition time. The dashed red line serves as a guide to the eye. AFM snapshots of the surface topography and profiles of (c) the bare Si
substrate and (d,e) SAM. SAMs in panels (d) and (e) were prepared using reaction times of 3 and 8 h, respectively. (f) SFG spectra of the
TDBPA SAMs (the inset shows the configuration of SFG measurements).

The former, in which premade polymer chains are grafted to a
surface, cannot produce a dense brush, as the depletion of
active sites and steric hindrance restricts the probability of late-
arriving polymer chains from grafting to the surface.'
Although op can be pushed higher using an assembled
single-crystal polymer," this self-assembly assisted graft-to
method” is limited to semicrystalline polymers and brush
layers with thicknesses below 5 nm. The latter method, in
which polymer chains are polymerized from the surface of
active sites, has produced brushes with higher graftlng densities
due to the reduced effects of steric hindrance.”'® However, the
0,* of the bushes prepared by the “grafting-from” method is
still relatively low, generally below 0.6 (see a summary of
literature values of ¢,* in Figure S1 in SI). To our knowledge,

p
the highest ¢,* achieved is 0.77 via living free radical

polymerizationP from a polymer substrate embedded with
abundant initiators.'” Fundamental to making an ultrahigh
grafting density brush by the “grafting-from” approach is the
requirement of near-simultaneous chain initiation from a high
uniform density of initiators, followed by slow and constant

growth.
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The formation of ultradense polymer brushes may find a
relation to the emerging field of ultrastable glasses.””™** An
enhanced T, and reduced thermal expansion (f) signify
increased kinetic and thermal stability of the glassy materials,
as higher temperatures are required to dislodge the molecules
from the glassy state,”” > and the material dimensions are
much more stable against temperature variations. The
overcrowding and anisotropic structure (e.g., chain stretching)
of ultradense brushes would promote favorable molecular
packing and ordermg, thus facilitating the formation of
ultrastable glass >3 Despite both theoretical®***** and
experimental ”'**® progress in understanding the properties
of polymer brushes, the field still lacks a direct measurement of
the glass transition dynamics and thermal stability of brushes in
the ultradense state. A relatively minor T, increase with respect
to the bulk value was reported for brush films with moderate
o,* (ie, 0.4—0.6); T, increased ~10 + 5 K for 10 nm thick
brush films,>*’~*" and no change in §*’ was reported. The
enduring barrier impeding the characterization and under-
standing of the stability of ultradense glassy brush films has
been the challenge to produce them. Overcoming this
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Figure 2. (a) Thickness of dry PS brushes as a function of polymerization time in different solvents. (b) Thickness of dry brushes as a
function of the corresponding M,. The green dotted line represents the theoretical thickness of PS brushes assuming an all-trans
conformation, i.e., Gpn,. The insets schematically show the conformations of brush chains in different solvents, which impact grafting

density.

challenge holds promises for a conceptual leap in the growing forces, was added to promote chain alignment and
field of ultrastable glassy films and also to advance insights into crystallization of the TDBPA self-assembled monolayer
the thermal stability of confined polymers and how the film (SAM). As shown in Figure 1b, the water contact angle atop
morphology influences such behavior. the SAM surface increased as a function of deposition time and
Here, ultradense brushes of PS with ¢p = 1.23 + 0.04 nm ™2, plateaued at ~80 + 2° after 8 h of deposition. In comparison,
which corresponds to a 6,* of 0.85—the highest value the contact angle of a surface fully occupied by phenyl or Br
reported thus far for a polymer brush (Figure S1 in the SI)— groups is ~83 + 5°° which is within error of the SAM. The
were synthesized by surface-initiated controlled/living radical SAM thickness was determined by AFM topological images, as
polymerization—atom transfer radical polymerization (SI— shown in Figure 1d,e. The average thickness was ~3 + 0.5 nm,
ATRP) with good control of the chain growth. The formation as identified by the cross-sectional profiles, and is close to a
of the ultradense brushes was enabled by the self-assembly of a TDBPA film’s height with an all-trans conformation, i.e., 3.2
bifunctional initiator [22—(trichlorosilyl) docosyl 2-bromo-2- nm, thus suggesting a tightly packed TDBPA SAM.
phenylacetate; TDBPA; see structure in Figure la] composed The TDBPA monolayer structure was further confirmed by
of a silane group at one end and a 2-bromo-2-phenylacetate sum-frequency generation (SFG) spectroscopy,33 a sensitive
(BPA; initiating groups for SI_ATRP) at the other—designed interfacial characterization technique. Two discernible peaks at
with a long alkyl chain to promote ordering into a crystalline 2842 and 3066 cm™' appeared from the symmetric stretching
monolayer atop silicon substrates. The results can be vibrations of CH,(CH,,) in the backbone and v, vibrations of
understood by considering the surface density of the initiator, phenyl groups%}s exposed at the SAM surface, respectively, as
BPA, and its superhigh reaction rate constant (k) ~ 5.2 X 10° shown in Figure 1f. The CH,  peak is due to gauche defects in
“1.-13031 ... . . e :
S critically combined with the solubility of the the monolayer’ and indicates distortion and disorder of the

polymerizing chain in the reaction medium. We found that the
ultradense nature of the PS brush had a profound influence on
the T, and f of the film. An increase in T, of ~75 K and a
reduction in rubbery state f by ~87% were observed in the §
nm thick ultradense brush compared to a spin-cast film of
comparable thickness. Hence, ultradense brush films exhibit
thermal ultrastability—a highly sought-after feature of organic

long hydrocarbon chains within the monolayer. However, the
intense v, peak, which grows as a function of deposition time,
is a pronounced spectral manifestation of the formation of a
closely packed all-trans TDBPA monolayer, in which the
phenyl groups are oriented nearly perpendicularly to the
surface. The relative intensity of the v, peak to the CH, , peak
is thus related to the degree of molecular ordering in the SAM.

thin films. When the deposition time exceeds 8 h, an intensive v, peak

dominates the spectrum, reinforcing the idea of forming an
RESULTS AND DISCUSSION ordered SAM consisting of extended TDBPA molecules, which
Figure la schematically illustrates the attachment of initiators exposes all the active initiating groups of BPA toward the air
atop Si in the form of a monolayer of self-assembled TDBPA interface, as shown in Figure 1(a). We note that alkyl-silane
with an extended alkyl spacer (i.c., 22 carbon atoms). The long chains with greater than 18 carbon atoms form a well-
hydrocarbon spacer, associated with strong intermolecular assembled hexagonal crystalline monolayer’® and that the
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Figure 3. (a) Temperature dependence of normalized thickness for ultradense PS brushes (5, = 1.23 nm™2). (b) The relationship between T,
vs. thickness of the PS brush and spin-coated films. (c) T, of PS brush (Tg""“h) as a function of the grafting density. The curves in panel (a)
were vertically shifted for clarity. Data points in (c) without error bars were obtained by reading off the dash lines in (b).

propensity of self-assembly increases with an increase in the
alkyl chain length.”**” The introduction of phengfl terminal
groups does not disrupt the crystalline structure,”® such that
the ordered structure of TDBPA is retained, as confirmed by
data in Figure 1. Based on the molecular area of aromatic
groups in a perpendicularly oriented crystalline monolayer (i.c.,
0.23 nm?),”” the area density of BPA atop the SAM surface was
estimated to be about 4.6 nm™>—a value exceedingly higher
than the oy, of PS brushes, ie., 1.45 nm™2 Additionally, the
initiating group of BPA has a rate constant more than 2000
times that of the traditionally used initiator (ie, ethyl 2-
bromoisobutyrate),’”*" thereby greatly enhancing the initia-
tion efficiency and rate or, in other words, achieving both rapid
and simultaneous chain initiation.

SI-ATRP of styrene was initiated from the bromophenyl
groups of the TDBPA SAM atop the silicon surface in three
different solvents, ie., toluene, cyclohexane, and N-hexane,
respectively. Figure 2a shows the growth of PS brushes as a
function of polymerization time. A linear increase in brush
thickness vs. polymerization time was observed for each
solvent. Nevertheless, toluene yielded the thickest brushes.
The molecular weight (M,,) and polydispersity (PDI) of the
PS brushes were obtained by degrafting the brushes using
tetrabutyl ammonium fluoride according to a previously
reported method®® and characterized directly using gel
permeation chromatography (GPC). Several representative
GPC curves of the degrafted brushes are displayed in Figure S2
in the SI. Table S1 lists the molecular parameters of several PS
brushes. All PS brushes have a PDI < 1.4.

For each brush, 6, was determined according to eq 1%

h_pN,
6p=%
n (1)

where p is approximated as the bulk density of PS (1.05 g
cm™3), h, is the thickness of the dry brush, and N, is
Avogadro’s number. Figure 2b shows a linear relationship
between h, and M,, which implies uniform chain growth and
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negligible chain termination. By fitting the data in Figure 2b to
eq 1, we calculated o, to be 0.69, 0.95, and 1.23 nm~2 for PS
brushes polymerized in N-hexane, cyclohexane, and toluene,
respectively. For PS brushes prepared in toluene, 6,* ~ 0.85,
thus representing the synthesis of brushes with the highest
grafting density reported to date with respect to the theoretical
maximum; see Figure S1 in the SI. Each polymer chain in the
brushes is hyperstretched and oriented in the direction normal
to the film surface.

The dependence of o, on solvent is also intriguing. We
found only minor deviations in M,, of brushes with the same
reaction time but with different solvents as the reaction
medium; see Table S1 in the SI. This observation suggests that
the rate of polymerization was nearly independent of the
solvent type. The difference in brush density, as a function of
solvent, was then likely due to differences in the chain
conformation states in solution, which influenced the steric
hindrance for chain initiation."" More highly stretched chain
conformations are favored in toluene, which is the best solvent
for PS; see inset in Figure 2b. In contrast, the relatively poorer
solvents of cyclohexane and N-hexane likely inhibited the
growing brush from exploring its conformational space, thus
promoting the formation of large coils that shielded the
initiating sites at the surface (see inset in Figure 2a), resulting
in a reduced overall brush density.

We then assessed the thermal stability of PS brushes as a
function of brush density by measuring the T, and thermal
expansion via variable-temperature ellipsometry. Figure 3a
plots the normalized thickness as a function of temperature for
the ultrahigh grafting density brush, ie, o, = 1.23 nm™?, for
various thicknesses. As shown in Figure 3a, linear thermal
expansion in both rubbery and glassy states was observed for
all brushes. A tanh profile can describe well the transition
between the expansion coefficients.”” The transition point
(Tg), width (w), and expansivities of the brush films were
obtained by curving fitting the normalized thickness vs

temperature profiles using a hyperbolic tangent function (eq
2)42
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phenyl ring were labeled by an inverted triangle. vy, and v, come from the aromatic C—H stretching vibrations.*"

Vg, Vygp, and Vyyp

originate from carbon—carbon stretching in the aromatic ring.51 CH,,ss and CH,,as represent the symmetric and asymmetric stretching
vibrations of methylene groups in the backbone, respectively.”' Except for the 1735 cm™' peak, intensities of all the vibrations associated
with phenyl rings were substantially reduced for the brushes. The reduction was more remarkable upon increasing the grafting density. We
interpreted this band intensity reduction upon chain grafting as a result of denser phenyl—phenyl packing, as evidenced by GIWAXS data,

which restricted the dipole moment of the phenyl-associated vibrations.

W(T) = w(Mz_ G)ln[cosh[T ; Tg]} + (T - Tg)(M;r G) te

where c is the film thickness at Ty w is the width of the glass
transition, and M and G are the dh/dT slope values for the
rubbery and glassy states, respectively. The thermal expansion
coefficient (ff) was defined as the slope (dh,/ thT) in each
state. The values of T, and w for the ultradense brush with
various thicknesses are tabulated in Table S2 in the SI. The T,
increases remarkably (~35 K), while the width of the
transition only shows marginal variations with a reduction in
thickness.

Figure 3b plots T, as a function of thickness for PS brushes
with various o, measured at a heating rate of 2 K/min. For all
values of 0, below a critical thickness ~60 nm, T, increases
with decreasing film thickness. The effect of thickness on T,

9572

varied with o, with the greatest change observed for 0,=123
nm > For a § nm thick brush, T, was 18, 27, and 36 K greater
than the bulk value for brushes with ¢, = 0.69, 0.95, 1.23 nm™?,
respectively. The increases in the T, of the ultradense brushes
are strikingly large, especially when considered in the context
of spin-cast PS films of similar thickness. The gray diamonds in
Figure 3b reflect the behavior of spin-cast PS films. In stark
contrast, ultrathin films of PS prepared by spin-casting show a
tremendous reduction in T, with decreasing film thickness due
to free surface effects.** " A S nm thick PS ultradense brush
exhibits an ~75 K increment in T, compared to a spin-cast film
of similar thickness (~7 nm).

To probe the influence of grafting density, we plot T, vs. o,
at constant thickness for 5, 10, and 20 nm thick films in Figure
3c. For each film thickness, we observed a linear increase in T,

with increasing grafting density. Hence, denser brushes showed
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greater kinetic stability. In line with these findings, a reduction
in both rubbery and glassy state § was observed (Figure 4).
The rubbery state  was reduced by ~55% compared to the
bulk value and by ~87% compared to the corresponding thin
film (Figure 4). Compared with the increasing trend of § for
the spin-cast films*” and PS brushes with 0" ~ 0.45,” the
depression of the high-density brush (¢,* = 0.85) of thinner
thickness is caused by the ultradense chain grafting that
modifies molecular packing. The significantly increased T, and
depressed thermal expansion render the ultradense brush an
ultrathin stable glassy film whose properties are less perturbed
by temperature variations—a highly desirable trait for thin-film
technologies.

The T, of polymer brushes is determined by a complex
interplay of various factors, such as the degree of chain
stretching and film thickness. Recent work demonstrated that
polymer brushes exhibit a distribution in local Ty, i.e., higher T§
near the tethering point and lower T, at the free surface.””*
Offsets between one another result in less significant variations
in the average Tg.12 In the case of PS brushes with o, of 0.33
nm~?, the T, of the brush was found to be invariant with
thickness down to ~10 nm.”” Yet, the ultradense brush films of
PS show a tremendous increase in T, with decreasing
thickness.

Since T, is sensitive to intermolecular interactions and
packing, we probed the microstructure of the ultradense PS
brush and spin-cast films using synchrotron grazing incidence
wide-angle X-ray scattering (GIWAXS) (Figure Sa). The
GIWAXS patterns of the spin-cast film consisted of two
isotropic rings at q, = 0.7 A™" and ¢, = 1.35 A™! arising from
the backbone-to-backbone correlation (interchain peak) and
the 77— interactions from phenyl groups in neighboring chains
(interphenyl peak),””*° respectively. Notably, the GIWAXS
patterns of the ultradense PS brush exhibited anisotropy, which
is also visualized in the plot of scattering intensity vs. azimuthal
angle (Figure S3 in the SI). The scattering intensity of the
interchain peak (g;) was greater in the in-plane direction (ie.,
along gq,), which suggested a preferentially perpendicular
orientation of the backbone, as shown in Figure Sb. However,
the intensity of the interphenyl peak (g,) was stronger in the
out-of-plane direction (i, along g,), which suggested the
tendency of a parallel alignment of planar phenyl ring (Figure
Sb). Moreover, an ~4% reduction of the phenyl—phenyl
distance in the perpendicular direction was evident by a shift of
the g, peak from 1.35 to 1.40 A™" in the out-of-plane spectra
(see 1D spectra in Figure Sa), indicating closer phenyl—phenyl
packing. The denser 7—7 stacking also possibly resulted in a
suppression of the dipole movement of bond vibration in the
phenyl ring, as evidenced by a notable decrease of the
corresponding IR peak intensities (Figure Sc). The hyper-
stretched chain conformation and facilitated 7—z stacking, as
evidenced by GIWAXS, reduce the ability of chain expansion
along the thickness direction and cause the exceptional rise in
T, of the ultradense polymer brushes. The ultrastability of the
brush films is therefore directly attributable to the ultradense
brush morphology.

CONCLUSIONS

In this work, we reported the formation of ultradense PS
brushes with a grafting density reaching ~85% of the
theoretical maximum by combining the principles of self-
assembly of initiators on substrate surfaces and SI-ATRP. The
ultradense brushes, characterized by hypereflicient chain
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packing in the amorphous state, exhibited a significant
enhancement in T, and reduction in thermal expansivity,
both signatures of ultrastability. We anticipate that besides the
dramatic enhancement in thermal stability, the distinct
morphological structure of ultradense brushes will endow
polymeric systems with an array of enhanced physical
properties (e.g, mechanical and optical properties) in
comparison to systems with a traditional random coil
morphology. Such enhancements reinforce the idea of effective
manipulation of material properties by changing how chains
molecularly pack. In summary, the study provides fundamental
insights into the thermal stability of dense polymer brushes. It
also serves as a starting point for the experimental preparation
and characterization of the ultradense polymer thin films with
different structures and properties for diverse applications.

MATERIALS AND METHODS

Synthesis of TDBPA. Materials. Monodispersed atactic poly-
styrene (PS) (M,, = 168 kg mol™", PDI = 1.05) was purchased from
Showa Denko K.XK. in Japan (Shodex Standard). 11-Bromo-1-
undecene (J&K Chemicals, 95%), 11-bromo-l-undecanol (J&K
Chemicals, 98%), magnesium (Mg, Macklin), 1,2-dibromoethane
(Aldrich, 99%), methyllithium (CH;Li, 1.6 M solution in diethyl
ether, J&K Chemicals), superdry methylene chloride (CH,Cl,, water
content < 30 ppm, Aldrich), tetrahydrofuran (THF, Macklin, 99%),
copper(I) iodide (Cul, J&K Chemicals, 98%), a-bromophenylacetic
acid (Aldrich, 98%), N,N’-dicyclohexylcarbodiimide (DCC, Aldrich,
99%), 4-(N,N-dimethylamino)pyridine (DMAP, Aldrich, 99%),
copper(I) bromide (CuBr, Aldrich, 98%), copper(Il) bromide
(CuBr,, Aldrich, 99%), N,N,N’,N”,N”-pentamethyldiethyl-enetri-
amine (PMDETA, Aldrich, 99%), and platinum(0)-1,3-divinyl-
1,1,3,3-tetramethylsiloxane complex in xylene (Karstedt’s catalyst,
Aldrich, 2% Pt), trichlorosilane (HSiCl;, J&K Chemicals, 98%),
tetrabutyl ammonium fluoride (TBAF, 1 M solution in THF,
Aldrich), and isopropanol (Macklin, 99.5%) were used as received.
Styrene (Aldrich, 99%) was purified by passing through an alumina
column and distilled under reduced pressure.

Synthesis of the SI-ATRP Initiators (i.e, TDBPA). TDBPA was
synthesized by three steps, as shown in Figure S4 of the SI. First,
docos-21-en-1-0l (DEO) was prepared by a coupling reaction
between 11-bromo-1-undecene and 11-bromo-1-undecanol using a
Grignard reagent and copper iodide according to methods reported in
refs 52 and 53. Then, an esterification reaction between hydroxyl
groups on DEO and a carboxyl group on a-bromophenylacetic acid
was processed to produce docos-21-en-1-yl 2-bromo-2-phenylacetate
(DEBPA). Finally, a hydrosilylation reaction with trichlorosilane
yielded a long-chain compound with a —SiCl; group capable of
bonding to the silicon surface along with a highly active initiating
group (ie, BPA), which would later be used to initiate ATRP.

Synthesis of Docos-21-en-1-ol (DEO). Magnesium turnings of 1.7
g and a freshly distilled THF of 2 mL were added into a 250 mL
three-necked flask under nitrogen. A few drops of 1,2-dibromoethane
were added into the system to activate the magnesium. A solution of
11-bromo-1-undecene (11.65 g) in THF (S0 mL) was then added
dropwise into the flask, and a moderate reflux was obtained just after a
few minutes. The temperature in the system need not exceed 55 °C
during the addition. The temperature was subsequently raised to S0
°C and maintained for 2 h, following a cooling to —78 °C. After 20
min at —78 °C, 0.38 g of Cul was added under a nitrogen stream. The
mixture was maintained at —78 °C for another 10 min and then
warmed to 0 °C. A deep purple color gradually appeared in the
reaction solution. The system was then cooled to —78 °C again, and
the protected 11-bromo-1-undecanol (10.28 g) in 50 mL of THF was
added. Note that the —OH group of the bromo alcohol was protected
upon reaction with CH;Li, yielding the OLi compound. The mixture
was kept stirred at —78 °C for 3 h before it was returned to room
temperature (RT) and kept for 10 h. The reaction mixture was then
hydrolyzed, and the upper organic layer was extracted three to five
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times with diethyl ether. The combined organic fractions were washed
subsequently with HCI (1 M), saturated NaHCO; aqueous solution,
and water. The mixture solution was dried over anhydrous MgSO,.
The solvent was eliminated using the rotary evaporator under vacuum
to obtain crude products. After they were precipitated using
anhydrous acetone, the final products were collected by suction
filtration and dried in a vacuum oven at 40 °C. '"H NMR data in
Figure S6 in the SI confirmed the structure of DEO. A yield of 70%
was achievable.

Synthesis of Docos-21-en-1-yl 2-Bromo-2-phenylacetate
(DEBPA). Docos-21-en-1-0l (18.47 g, 57 mmol), a-bromophenylacetic
acid (10 g, 47 mmol), and DMAP (0.51 g, 4.2 mmol) were dissolved
in 134 mL of dry DCM in a flask. DCC (10.7 g) was dissolved in 40
mL of dry DCM. Both solutions were cooled down to 0 °C in an ice
bath. The DCC solution was then injected dropwise into the reaction
system over 30 min. The reaction system was kept stirred at room
temperature for 24 h and filtered to obtain raw products. The
resulting solids were washed with DCM and then concentrated with
rotary evaporation to get the crude product. The product was purified
via silica column chromatography eluted using a 30:1 (v/v) hexane—
ethyl acetate mixture. Upon removal of the solvent, docos-21-en-1-yl
2-bromo-2-phenylacetate (DEBPA) was obtained. 'H NMR spectra
shown in Figure S6 in the SI confirmed the successful synthesis of
DEBPA.

Synthesis of 22-(Trichlorosilyl) Docosyl 2-Bromo-2-phenylace-
tate (TDBPA). To a dry flask were added 2.20 g of docos-21-en-1-yl 2-
bromo-2-phenylacetate (DEBPA) and trichlorosilane (4.3 mL),
followed by Karstedt catalyst (4 pL). At room temperature, the
mixture was stirred for ~24 h to complete the reaction. The reaction
solution was filtered through a plug of silica gel in order to remove the
catalyst. The excess solvents were removed. The compound was
further purified by vacuum distillation at room temperature and at 2.0
x 107> mmHg. The compound needs to be stored in a drybox at 5
°C, when not in use. Structures of TDBPA were confirmed by
H'NMR spectra shown in Figure S6 of the SI.

Preparation of a Self-Assembled Monolayer (SAM) of
TDBPA on the Si Surface. Silicon wafers were used as substrates
and were cleaned by a “piranha” solution at 90 °C for 60 min, which
allowed the formation of a thin native oxide layer. Self-assembled
monolayers (SAMs) of TDBPA were prepared by immersing a clean
silicon substrate with a thin native oxide layer into a 1.0 mM TDBPA
toluene solution under nitrogen atmosphere for different time periods
at room temperature. After sequential rinsing with chromato-
graphically pure methylene chloride, isopropanol, acetone, distilled
water, and chloroform, the samples were dried by a stream of clean
nitrogen. The structure and properties of the samples were then
characterized by AFM, ellipsometry, and SFG.

SI-ATRP for PS Brushes from the TDBPA SAM Surface.
Polystyrene brushes of various grafting densities on planar Si wafers
were prepared by SI_ATRP.>* A degassed toluene solution (10 mL)
containing CuBr (0.067 g), CuBr, (0.011 g), and PMDETA (0.11
mL) was prepared in a flask with stirring. Next, S mL of deinhibited
styrene monomer was added into the flask, after which the TDBPA-
SAM-covered Si wafers of 1 X 1 cm in size were added at RT. Growth
of PS from the Si wafers (i.e., the SI_ATRP process) was carried out
at 90 °C under nitrogen. The thickness and M,, of the brushes were
well-controlled by changing the reaction time. The resultant PS
brushes atop the Si surfaces were washed with THF in a Soxhlet
extractor for 24 h to remove the physically adsorbed chains, and a
nitrogen stream was applied to dry the brush films.

Characterizations. The M, and PDI of the brushes were
determined via GPC of brushes degrafted from the silicon surfaces
using TBAF as the degrafting reagent.40 To degraft the brush chains,
the Si wafers with PS brushes atop were placed into a 20 mL TBAF
solution (0.04 M) in THF and incubated at 55 °C for 24 h. The
solution was then concentrated to ~1 mL. The reduced solution was
filtered through polytetrafluoroethylene membranes with a pore size
of 0.2 ym. The M,, and its distribution of the degrafted PS in the
solution were measured at 35 °C by GPC (Waters Co., USA)
equipped with a 1515 Isocratic HPLC Pump and a 2414 Refractive
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Index Detector operating with THF as the eluent. SEG spectroscopy
(EKSPLA Co., Lithuania) with incident angles of 60 and 53° for the
visible and IR laser beams, respectively, was used to detect the
molecular structures and ordering at film surface.

The thickness of PS brushes and supported films atop the Si wafers
was examined in air by an imaging ellipsometry (Accurion GmbH,
Germany). The wavelength of the light beam for this measurement
was fixed to be 658 nm, while the incidence angles were varied from
55 to 75°. The T, and f3 of the PS brushes and films were evaluated by
the thickness change upon the continuous heating process with a rate
of 2 K/min using the Accurion ellipsometer at an incidence angle of
60°, equipped with an INSTEC heating state. During the measure-
ments, we stopped the heating at 420—430 K, as the brush chains
would detach from the substrate surface at elevated temperatures due
to the entropic tensions that could possibly break the tethering
bonds.”>* The T, and f of the brushes were determined by fitting
the thickness versus temperature relations with eq 2.

Infrared reflection absorption spectroscopy spectra (IRRAS) of PS
spin-cast films and brushes was performed using a KSV NIMA system
atop a thin gold-layer-covered Si substrate, as previously reported.’”
The incoming IR beam with an incidence angle of 76° interacted with
the film and brushes at the substrate surface. The reflected beam was
then guided into a detector to obtain the IR spectra. The spin-cast
film was obtained by directly spin-coating a PS toluene solution atop
the substrate surface, while the brush samples for IRRAS measure-
ments were obtained by detaching a premade brush film from an Si
surface and then transferring it to the gold-covered Si substrate.

GIWAXS measurements for the spin-cast and brush films were
carried out at the Complex Materials Scattering (CMS) beamline with
A =0.0918 nm and E = 13.5 keV at the National Synchrotron Light
Source II (NSLS-II), Brookhaven National Laboratory. The 0.1°
incident angle of X-ray, which is slightly above the critical angle of the
total external reflection for PS (i.e, 0.09°), was utilized, such that the
overall structures over the entire film depth could be readily obtained.
All experiments were conducted at room temperature under vacuum,
and the exposure time of 200 s was chosen for the measurements.
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