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ABSTRACT: The adsorbed polymer layer on the inorganic solid
surface is crucial in improving the physical properties of composite
nanomaterials; therefore, the properties could be tuned by altering
the structure of the adsorbed layer. We investigated poly(methyl
methacrylate) (PMMA) adsorbed layers on SiO2−Si substrates by
varying the hydroxyl (OH) group content on the substrate surface.
The results indicated that the thicknesses of the flattened layer and
loosely adsorbed layer decreased with decreasing OH group
content and the flattened layer disappeared when the content was
∼31%. The OH groups controlled the formation of the adsorbed
layer, providing anchor points through hydrogen bonding with the
carbonyl groups in PMMA. With decreasing OH group content,
fewer anchor points possibly prevented train conformation and the
relatively stable loosely adsorbed chains still formed, which enhanced the segmental dynamics of the ultrathin PMMA film. These
results provide novel insight into the role of surface chemistry in forming adsorbed polymer layers on substrates.

■ INTRODUCTION
The polymer/solid interface plays a crucial role in a wide field
of nanoscience and nanotechnology involving physics,
chemistry, biology, and engineering. Recently, an increasing
number of experimental results have revealed that the physical
properties of nanoconfined polymer materials are controlled by
the irreversibly adsorbed polymer layers on solid surfaces.1−11

For example, the size of loops in adsorbed chains on a solid
surface has been found to be responsible for controlling the
dynamics of a supported polymer thin film.4,5 Furthermore, the
propagation distance associated with the substrate effect has
been found to increase in direct proportion to the thickness of
the adsorbed layer.6,7 Therefore, by adjusting the structure of
the adsorbed layers, tailoring the physical properties of
nanomaterials, such as glass transition temperature, thermal
expansion coefficient, viscosity, crystallization, and wettability,
is possible. Because of its significance, the structure of the
adsorbed polymer layer on the solid substrate has been widely
investigated by Koga and co-workers.2,12−14 They revealed that
the adsorbed layer contains two regions: the inner high-density
region with more flattened chain conformation (flattened
layer) and the outer bulk-like density region with bulk-like
chain conformation (loosely adsorbed layer). The flattened
layer forms as a result of the high number of contacts between
the inner chains and the substrate, whereas the loosely
adsorbed layer is formed by the loosely adsorbed chains that
form larger loops.14 Additionally, the thickness of the flattened

layer is independent of molecular weight, whereas the
thickness of the outer loosely adsorbed layer increases with
molecular weight.12

To adjust the structure of adsorbed layers, understanding the
process of irreversible adsorption of polymer chains on the
solid surface is crucial. Napolitano and co-workers have made
major contributions to the study of irreversible chain
adsorption kinetics.15−17 Two adsorption processes have
been observed: linear growth of the adsorbed layer thickness
over short periods and logarithmic growth over long periods.15

In previous studies,12,18,19 a flattened layer of polystyrene (PS)
on a substrate exhibited power-law evolution during the early
stage of the adsorption process and reached a quasi-
equilibrium platform of 2.1 nm in thickness when the
annealing time (tan) was >4 h at 150 °C. Meanwhile, the
thickness of the entire adsorbed layer (including the flattened
layer and loosely adsorbed layer) showed similar power-law
growth within approximately 4 h and then shifted to a sluggish
logarithmic growth until a maximum value was achieved at tan
> 96 h. Because the crossover time (tc ∼ 4 h) for the adsorbed
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layer was similar to that of the flattened layer, these two diverse
chain conformations (flattened chains and loosely adsorbed
chains) were considered to occur and grow independently on
the substrate surface. The formation of the flattened layer prior
to tc is attributed to a “collapse and zipping-down” process on
the substrate surface.20,21 Further rearrangement of the
flattened chains toward a quasi-equilibrium state was caused
by an increase in the number of contacts between the substrate
surface and segments, which overcame the conformation
entropy loss.12,14,22 This caused the flattened layer thickness to
increase with annealing time during the early stage.
Although polymer chains that form the loosely absorbed

layer can also be adsorbed at t < tc, their arrival is delayed
owing to a diffusion-controlled mechanism; thus, their
adsorption is suppressed because the flattened chains have
already occupied the majority of the substrate surface. Hence,
the loosely adsorbed polymer chains have to form bridge
connections among the nearly empty sites.20 The flattened
chains and late-arriving chains continue to compete for
adsorption until the substrate surface is fully covered at t =
tc. When t > tc, along with the termination of the formation of
the flattened layer, the late-arriving chains produce the loosely
adsorbed layer via a “reeling-in” process that dominates the
chain adsorption behavior. This process is considerably slow
because of the excluded-volume repulsion from previously
adsorbed chains and because the chains may entangle with
adjacent free chains. Consequently, a logarithmic increase in
the thickness of the adsorbed layer occurs before reaching the
final state.
A previous study has shown that the polymer−substrate

interaction plays an important role in the formation of the
adsorbed layer.12 Moreover, the flattened layer thicknesses of
three different polymers (PS, PMMA, and poly(2-vinyl-
pyridine) (P2VP)) on SiO2−Si substrates increased with
increasing polymer−substrate interactions, whereas the
adsorption kinetics showed an opposite trend. The flattened
layer thickness and its surface coverage for PS were 2.1 nm and
75%, respectively, whereas those of P2VP were 3 nm and 90%,
respectively. However, the effect of the substrate surface
chemistry on the adsorbed layer structure remained
ambiguous. A considerable amount of evidence indicates that
the carbonyl (C�O) groups in polymers can form hydrogen
bonds with the OH groups on a SiO2−Si substrate sur-
face.23−25 Therefore, the OH groups on the substrate surface
should be considerably important contact sites for forming the
PMMA adsorbed layer on the SiO2−Si substrate. Herein, to
clarify the role of the OH groups on the substrate, the
structures of PMMA layers adsorbed on SiO2−Si substrates
with various OH group contents were investigated by replacing
OH groups with phenyl groups. The results indicate the
significance of the OH group content in the final adsorbed
layer structure at the solid−polymer interface.

■ EXPERIMENTAL SECTION
Materials. Monodisperse PMMA with two different molecular

weights (PMMA-1: Mw = 278 kg mol−1, polydispersity index (PDI) =
1.15; PMMA-2: Mw = 15 kg mol−1, PDI = 1.10) were obtained from
Polymer Source Inc. (Canada). Phenyltrimethoxysilane (C6H5Si−
(OCH3)3, PTS) was provided by Aldrich Co. (USA). Silicon (100)
wafers with an approximately 2 nm native oxide layer (i.e., SiO2−Si
substrate), quartz windows, and half-cylinder quartz prism were
employed as substrates for ellipsometry and sum frequency generation
(SFG) vibrational spectroscopy measurements. Before preparing the

polymer films, all substrates were washed with a piranha solution
(H2SO4:H2O2 = 3:1 [v/v]), as reported previously.

26

Preparation of the Adsorbed Layer on Substrates with
Various OH Group Contents. The substrates with various OH
group contents were prepared by replacing OH groups with phenyl
groups based on previous reports.26,27 After exposing the cleaned
SiO2−Si substrates to the PTS solution for different times, PTS was
bonded to the surface via the reaction between the OH and −Si−
OCH3 groups. Consequently, the substrate surfaces presented
different OH group contents. The OH group-controlled substrates
were further analyzed via water contact angle (WCA) measurements,
X-ray photoelectron spectroscopy (XPS), and SFG according to the
procedures in our recent reports.26,27 Using the Cassie equation,26,28

the fraction of OH groups on the substrate surface can be roughly
calculated based on the WCA results. Substrates with OH group
coverages of 80, 51, and 31% were used and labeled PTS-1, PTS-2,
and PTS-3, respectively.
PMMA thin films (thickness > 8 Rg, where Rg is the gyration radius

of the polymer chain) were produced by spin-coating a 4 wt %
toluene solution of PMMA onto the substrates. Subsequently, the
PMMA films were annealed at Tg + 75 °C (Tg is the glass transition
temperature of the polymer) for 72 h to form the adsorbed layer in
the final state. Thereafter, the annealed films were leached several
times using DMF or toluene according to the reported procedure.29

The thicknesses of the PMMA films and adsorbed layers were
determined by ellipsometry (Accurion GmbH, Germany).
Characterization. The surface topography of the adsorbed layer

was presented via atomic force microscopy (AFM, MultiMode-8,
Bruker, USA) in air using the tapping mode and a tip with a spring
constant of 40 N m−1. X-ray reflectivity (XRR) was chosen to
determine the density distribution in the adsorbed layers, as
previously reported.8,12 XRR was conducted at the BL14B1 beamline
(the wavelength of X-rays, λ, is 1.2398 Å) of the Shanghai
Synchrotron Radiation Facility (SSRF, China). The evolution of X-
ray reflectivity with its incident angle (θ) was detected, and the curve
of specular reflectivity was plotted as a function of the scattering
vector (qz) in a direction perpendicular to the surface (qz = 4π( sin
θ)/λ). A multilayer model was employed to fit this plot to obtain the
mass density profile. The thicknesses and Tg values of the thin PMMA
films and the adsorbed layers (i.e., the flattened layer and interfacial
sublayer) supported on different substrates were determined by
EP4SW imaging ellipsometry (Accurion GmbH Co., Germany) with a
variable wavelength laser source and 658 nm laser source. The value
of Tg could be obtained from the turning temperature by changing the
thermal expansion coefficients from the glassy to rubbery state. The
detail of ellipsometry measurement is shown in the Supporting
Information. Figure S1 shows that no glass transition could be
observed within the temperature range from 40 to 160 °C for the
interfacial sublayer and flattened layer, which indicates much slower
chain mobility of adsorbed chains than that in the bulk (Tgbulk is 114
°C for PMMA-1).
To collect vibrational signals originating from the adsorbed layer at

the PMMA/substrate interface, a sandwiched geometry was employed
for SFG measurements (EKSPLA Co., Lithuania), as reported
previously.4,27,30,31 Both the fused quartz window and half-cylinder
prism with various OH contents were deposited on a spin-coated
PMMA-1 film (∼200 nm). The quartz window and half-cylinder
prism were stacked and annealed at 120 °C under vacuum using a
vacuum oven with a mechanical pump for 12 h to remove the excess
solvent. The samples were then annealed at 190 °C for 72 h under the
experimental conditions. Incident angles of 53° and 60° were used for
the tunable infrared (IR) beam and the visible (Vis) beam at 532 nm,
respectively. The beams of 50 Hz and ∼30 ps pulse width were
pumped by the fundamental outputs of the laser and the secondary
harmonic. The SFG spectra for the s-polarized SFG signal, s-polarized
Vis and p-polarized IR (ssp), and the p-polarized SFG signal, p-
polarized Vis and p-polarized IR (ppp), were collected. The SFG
spectra were recompensated by the Vis and IR input energy, and then
the SFG signal was fitted using the following Lorentzian equation:
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where ISFG and χeff(2) are the intensity of the SFG signal and the
effective second-order nonlinear susceptibility, respectively, and χNR(2),
N, ωq, Aq, and Γq are the nonresonant contribution, molecular density
on the interface, resonance frequency, strength, and damping
coefficients of the q resonant vibrational mode, respectively. Aq and
Γq were obtained by fitting the SFG signal with the Lorentzian
equation.

■ RESULTS AND DISCUSSION
Structure of the PMMA Adsorbed Layer on the SiO2−

Si Substrate. The final adsorbed layers are typically described
as being in a quasi-equilibrium state12,15−17,32 in which the
thickness remains unchanged with the change in annealing
time. As reported in previous studies, the entire adsorbed layer
can be assigned as the interfacial sublayer,12,33 which consists
of the inner flattened chains and outer loosely adsorbed chains.

To obtain the PMMA interfacial sublayer on the SiO2−Si
substrate, the spin-cast PMMA-1 films (∼200 nm) were
annealed at 190 °C (∼Tg + 75 °C) for up to 72 h. The
thickness of the adsorbed layer remained unchanged when the
annealing time was >30 h (see Figure S2). In this study, the
adsorbed layer was obtained after annealing for 72 h to achieve
a quasi-equilibrium state, which was considerably >30 h.
Toluene and DMF were employed during the leaching process
to obtain the interfacial sublayer and flattened layer,
respectively. Figure 1a shows the change in the residual layer
thickness with increasing leaching time using toluene and
DMF. The thicknesses of the adsorbed layers on SiO2−Si were
6.3 ± 0.4 nm for toluene leaching and 2.4 ± 0.2 nm for DMF
leaching at equilibrium, which correspond to the thicknesses of
the interfacial sublayer34 and flattened layer12 of PMMA on the
SiO2−Si substrate, respectively. These thicknesses were further
confirmed via AFM (see Figure S3).
The AFM height image (Figure 1b) indicated that the

adsorbed layer obtained after toluene leaching was smooth.

Figure 1. (a) Change in residual thickness of PMMA-1 on the SiO2−Si substrate with rinsing time using toluene and DMF as leaching solvents.
AFM height images (scan size: 1 μm × 1 μm; height scale: −4 to 4 nm) of the PMMA adsorbed layer on the SiO2−Si substrate obtained via rinsing
with (b) toluene, (c) DMF, and (d) the sample shown in panel (b) subsequently leached using DMF. (e) Corresponding bearing area analysis
result for the AFM image shown in panel (c). The blue area shows the space occupied by the polymer chains. The corresponding height profiles
along the white line in panels (b) and (c) are plotted in the insets.

Figure 2. (a) X-ray reflectivity (XRR) profiles as a function of scattering vector (qz) for the PMMA-1 interfacial sublayer on substrates with various
OH group contents obtained via toluene leaching (open symbols: experimental data; solid lines: best fits). (b) Normalized density profiles for the
PMMA-1 interfacial sublayer on SiO2−Si substrates with various OH group contents plotted as a function of the distance (z) from the substrate
surface. (c) Schematic illustrations to show the chain conformations on different substrate surfaces (blue: loosely adsorbed chains; orange: flattened
chains).

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.2c02169
Macromolecules XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c02169/suppl_file/ma2c02169_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c02169/suppl_file/ma2c02169_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02169?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02169?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02169?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02169?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02169?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02169?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02169?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02169?fig=fig2&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c02169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


However, the adsorbed layer obtained after DMF leaching
showed an “island” shape (Figure 1c). When the sample shown
in Figure 1b was further leached using DMF, the thickness of
the adsorbed layer decreased to 2.4 ± 0.2 nm and the
morphology also showed an “island” shape (Figure 1d). These
results are consistent with those of the PS adsorbed layer on
the SiO2−Si substrate previously reported.12,35−37 These
results indicate that the PMMA adsorbed layer on SiO2−Si
obtained via toluene leaching consisted of a two-layer
structure: a flattened layer and loosely adsorbed layer, namely,
the interfacial sublayer. Conversely, the PMMA adsorbed layer
on SiO2−Si obtained via DMF leaching consisted only of the
flattened layer. The Hansen solubility parameters of toluene
and DMF38 are as follows: δd = 18.0, δp = 1.4, and δh = 2.0 for
toluene and δd = 17.4, δp = 13.7, and δh = 11.3 for DMF, where
δd, δp, and δh are the contributions of dispersive, polar, and
hydrogen bonding, respectively. Because DMF has stronger
interactions with the SiO2−Si substrate than toluene, it could
readily remove the outer loosely adsorbed chains in the
interfacial sublayer, allowing the lone flattened layer to emerge
more effectively. AFM height images and nanoscope analysis
software (Bruker) were used to estimate the surface coverage
(ϕ) (i.e., the area percentage occupied by the polymer chains)
of the PMMA flattened layer on the substrates above a critical
threshold (0 nm in the AFM height images). Figure 1e shows
the representative surface coverage analysis results of the AFM
images from Figure 1c. The estimated ϕ was 75 ± 4%, which is
in good agreement with that reported by Koga et al.12 This
result indicates that the interfacial sublayer and flattened layer
of PMMA in a quasi-equilibrium state can be successfully
obtained via leaching using toluene and DMF.
Figure 2 displays the XRR curves and normalized density

profiles of the PMMA-1 interfacial sublayer in a quasi-
equilibrium state on various substrates. For the fitting of
XRR data, a four-layer model of Si/SiO2/high-density PMMA/
bulk-like density PMMA and a three-layer model of Si/SiO2/
adsorbed PMMA layer were both employed by using Igor Pro,
and the fitting results are shown in Tables S1 and S2. The
detail for the fitting is displayed in the Supporting Information.
It is found that a four-layer model was preferable for SiO2-Si,
PTS-1, and PTS-2 substrates, while a three-layer model was
preferable for the PTS-3 substrate. The best fits are plotted in
Figure 2a. Hence, the density distribution profiles (Figure 2b)
indicate that the adsorbed layer consisted of a high-density
region near the substrate and a bulk-like density region on the
exterior. The value of the flattened layer thickness obtained via
DMF leaching (Figure S4) was almost the same as the

thickness of the high-density layer within the experimental
error. Additionally, its density was homogeneous. Therefore,
these results further demonstrate that the flattened layer was
successfully extracted via DMF leaching. With the increase in
substrate surface phenyl fraction from 0 to 69% (substrate
changes from SiO2-Si to PTS-3), the thicknesses of the
flattened layer and interfacial sublayer both decreased, and
even no flattened layer could be observed on the PTS-3
substrate. Figure 2c shows the schematic illustrations of the
thicknesses and conformations of adsorbed chains on different
phenyl fraction substrates.
Effect of Substrate Surface OH Group Content on the

Structure of the Adsorbed PMMA Layer. Generally,
PMMA has strong interactions with SiO2−Si surfaces because
of hydrogen bond interactions between the C�O groups in
PMMA chains and OH groups on SiO2−Si surfaces. To
investigate the effect of the substrate OH group content on the
structure of the adsorbed PMMA layer, substrates were
prepared and characterized with surface phenyl group contents
of 0% (i.e., SiO2−Si substrate), 20% (PTS-1), 49% (PTS-2),
and 69% (PTS-3), as previously described.26 Because the OH
groups were substituted by phenyl groups, the corresponding
OH group contents on the SiO2−Si surfaces were 100, 80, 51,
and 31%, respectively. The phenyl groups on the SiO2−Si
surface were homogeneous, as previously demonstrated by C1s
XPS and SFG studies.26

Figure 3a further shows the thicknesses of the PMMA-1
interfacial sublayer and flattened layer on substrates with
various OH group contents. With decreasing surface OH
group content from 100 to 31%, the interfacial sublayer
thickness decreased from 6.3 ± 0.4 to 3.2 ± 0.3 nm,
respectively, and the flattened layer thickness decreased from
2.4 ± 0.2 to 0 nm, respectively. Furthermore, the surface
coverage of the flattened layer decreased from 75 to 0% at the
same time (Figure 3b−g). It is believed that the increased
content of the phenyl groups on the substrate prevents the
flattening process, making it more difficult to form a flattened
layer, resulting in a thinner flattened layer and lower coverage
of the flattened layer.
The density distributions of the PMMA-1 adsorbed layer on

substrates with various OH group contents along the normal
direction of the substrate surface are shown in Figure 2b. The
PMMA chains near the SiO2−Si substrate surface may have
adopted a compact conformation to form the flattened
adsorbed layer,14,18,35 resulting in a denser layer than the
bulk. It has been reported that the density of the adsorbed
layer was about 20−50% higher than the bulk by using X-ray

Figure 3. (a) Thicknesses (hads) of the PMMA-1 adsorbed layer on substrates with various OH group contents obtained via toluene and DMF
leaching. AFM height images (scan size: 1 μm × 1 μm; height scale: −4 to 4 nm) of the PMMA-1 flattened layer on (b) PTS-1, (c) PTS-2, and (d)
PTS-3 substrates. Bearing area analysis results for the AFM images in panels (b), (c), and (d) are shown in panels (e), (f), and (g), respectively.
The blue area shows the space occupied by the polymer chains. The corresponding height profiles along the white line in panels (b) and (d) are
plotted in the insets.
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reflectivity, neutron reflectivity, and computer simula-
tions,14,39,40 which were consistent with our results. However,
the thickness and density of the flattened layer decreased with
decreasing OH group content. When the OH group content
on the SiO2−Si surface was 31% (PTS-3), the relatively high-
density layer (i.e., flattened layer) disappeared and the
interfacial sublayer was a single-layer structure. This was in
good agreement with the results shown in Figure 3.
Figure 4 shows the effect of substrate surface chemistry on

the Tg of the supported PMMA-1 thin films. Similar to the

reported results,41,42 the Tg of the thin PMMA film supported
by the SiO2−Si substrate increased with decreasing film
thickness. However, the enhancement of Tg of the ultrathin
PMMA film decreased with decreasing OH content on the
substrate surface. When the OH content was 31% (PTS-3), the
Tg of the supported PMMA thin film decreased with
decreasing film thickness. Similar to our previous reports,4−7

this result further demonstrates that the dynamics of the
supported polymer thin film could be adjusted by changing the
surface chemistry of the substrate, which changes the structure
of the adsorbed layer. The previously observed26,27 anchoring
effect of the polymer chains pinned to the substrate surface via
π−π interactions could suppress segmental mobility and afford
an increase in Tg values for the PS thin films. Therefore, we
hypothesized that the OH group content on the substrate
surface could affect the anchoring of PMMA chains, thus
changing the structure of the adsorbed layer.
To investigate the chain structure of the adsorbed layer on

the substrates with various OH group contents, a sandwiched
geometry was employed for the SFG measurements to measure
the SFG signal at the PMMA/SiO2 interfaces and further study
the chain conformation. The details of the sandwiched
geometry were reported previously.4,26,31 Figure 5 shows the
ssp and ppp SFG spectra within the wavenumber range from
2850 to 3100 cm−1 for the PMMA adsorbed layer on
substrates with various OH group contents. In the ssp SFG
spectra (Figure 5a), the intensities of the peaks at 2910 and
3060 cm−1 increased and the intensity of the peak at 2955
cm−1 decreased with decreasing OH content on the substrate
surface. However, in the ppp SFG spectra of the PMMA
adsorbed layer (Figure 5b), only a peak at 2957 cm−1 was
found for the SiO2−Si substrate. When the substrate was
modified by the phenyl groups, peaks at 2990, 3020, and 3060
cm−1 were observed, the intensities of which increased with
decreasing OH group content (from 80 to 31%) on the
substrate.

According to the references for peak assignments of the ssp
SFG PMMA spectra,25,43−47 the peaks at 2910 and 2955 cm−1

are attributed to the C−H symmetric stretching vibrations of
the methylene groups (CH2) and ester methyl groups
(OCH3), respectively. The peak at ∼3060 cm−1 is attributed
to the ν2 stretching mode of aromatic groups,48−50 which
results from phenyl groups on the SiO2 surface, as confirmed
by our previous report.26 In the ppp SFG spectra, the peaks at
approximately 2957 and 3020 cm−1 originate from the C−H
symmetric and asymmetric stretching vibrations of the OCH3
groups within the experimental error. The C−H asymmetric
stretching vibrations from both the α methyl and OCH3
groups produce signals at 2990 cm−1. The SFG spectra of
the PMMA adsorbed layer on the SiO2−Si substrate were
similar to those reported by Tanaka et al.25 for cast PMMA
film surfaces on which hydrophobic methylene groups were
present. The OCH3 and CH2 groups were perpendicular to the
surface, whereas the α methyl group was parallel to the surface.
Interestingly, the CH2 C−H symmetric stretching peak at 2910
cm−1 increased with the suppression of the OCH3 C−H
symmetric stretching peak at 2955 cm−1 in the ssp SFG spectra,
and both peaks at 2990 and 3020 cm−1 increased in the ppp
SFG spectra for the phenyl-modified substrates, which were
similar to the spin-coated film surface.47 These results indicate
that the OCH3 groups were randomly oriented at the PMMA/
phenyl-modified substrate interfaces.
To obtain the orientation of the OCH3 groups, the average

tilt angle of the OCH3 groups relative to the normal of the
substrate surface was estimated. Figure S5a shows the
calculated curves of | |/eff,ssp,ss

(2)
eff,ppp,as

(2) with different tilt
angles for the different distributions. Figure S5b shows the
OCH3 tilt angle as a function of the phenyl content. Three
measurements were performed to obtain the error bar. The
OCH3 tilt angle was approximately 16° when the phenyl group
content was 0%. The tilt angle increased with increasing phenyl
group content. When the phenyl content increased to ∼69%,
the tilt angle increased to ∼45°. These results indicate that the
OCH3 group presents an upright orientation relative to the
substrate and exhibits a more reclining orientation with
increasing phenyl group content. As reported previously,51

the orientation of the OCH3 group is related to the
conformation of the adsorbed PMMA chain, which could be
adjusted by the OH group content on the substrate surface.

Figure 4. Glass transition temperature (Tg) of thin PMMA-1 films
supported on substrates with various OH contents as a function of
film thickness (h).

Figure 5. The ssp (a) and ppp (b) SFG spectra collected from the
PMMA-1 adsorbed layer on substrates with various OH contents. The
solid lines are the best-fitted curves, and the fitting parameters are
listed in Table S3. The spectra are offset for clarity.
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Lu and Li52 reported that the increase in peak intensity at
3060 cm−1 for the PS/sapphire interface was attributed to the
formation of more train sequences on the substrate (i.e.,
flattened layer), and the SFG signal from loops could be
ignored because the SFG signal was not produced at locations
with ensemble-averaged inversion symmetry. The flattened
layer with a train conformation provides a more ordered
orientation of the pendant phenyl rings. The decreased peak
intensity at 2955 cm−1 suggests that the main chain component
was more disordered.53 According to previous reports,22,54 the
adsorbed chains consist of three conformations: train, loop,
and tail. The SFG signal is mainly attributed to the train
conformation because it is sensitive to the local order at the
interface where the symmetry of the polymer is disrupted.52,55

Therefore, the before mentioned results indicate that the SFG
spectra at the PMMA/SiO2 interface were mainly a result of
the train conformation in the flattened layer.
Figure 6 shows the ssp SFG spectra of the PMMA-1

adsorbed layer on the SiO2−Si and PTS-3 (31% OH content)

substrates within 1600−1800 cm−1. The SFG spectrum from
the PTS-3 substrate showed an intense peak at 1738 cm−1,
which was attributed to C�O stretching in the carbonyl

group; however, the center of this peak was shifted to 1726
cm−1 and the 1738 cm−1 peak was reduced, creating a
shoulder. A similar phenomenon was reported for poly(vinyl
acetate) (PVAc) films supported on the phenyl group-modified
SiO2−Si substrate,23 for which the increase in the 1720 cm−1

peak with increasing OH content on the substrate surface was
caused by increased hydrogen bonding between the C�O
groups in the PVAc chains and the OH groups on the substrate
surface. From this result, we can deduce that decreasing the
OH group content on the substrate surface reduced the
hydrogen bonding between the C�O groups in the PMMA
chains and the OH groups on the substrate surface, which
decreased the number of anchor points for PMMA adsorption.
Therefore, when the OH group content was 100%, the
numerous OH groups acted as anchoring sites that promoted
the formation of the train conformation (Figure 2c). This train
conformation results in a well-ordered, folded main chain with
well vertically oriented OCH3 groups. Hence, a thicker
interfacial sublayer (indicating a greater amount of adsorbed
chains) was formed on the SiO2−Si surface consisting of a
thicker flattened layer with higher coverage and more loosely
adsorbed chains. When many of the OH groups on the SiO2−
Si surface were replaced by phenyl groups, the phenyl groups
prevented hydrogen bonding between the C�O and OH
groups, thus, the development of the train conformation. The
decrease in OH group content and the increase in distance
between the OH groups acting as anchor points resulted in the
formation of a loop conformation with long chains covering
the phenyl groups (Figure 2c). Therefore, the OCH3 C−H
symmetric stretching decreased and the peaks at 2990 and
3020 cm−1 appeared in the ppp SFG spectra with decreasing
OH group content on the substrate surface.
The decrease in the flattened layer and interfacial sublayer

thicknesses and the reduced coverage of the flattened layer
with decreasing OH group content could be explained based
on the mechanism of end-grafting chains.56−58 “Stretched
brushes” occur when the end-tethered polymer chains are
grafted densely, and the brush height increases proportionally
with the grafting density.14,59,60 As previously reported,29 the

Figure 6. The ssp SFG spectra of the PMMA-1 adsorbed layer on the
SiO2−Si substrate (circle) and the substrate with 31% OH groups
(PTS-3) (square).

Figure 7. (a) Thicknesses (hads) of the PMMA-2 adsorbed layer on the substrates with various OH group contents obtained by toluene and DMF
leaching. (b) Leaching time (tlf) to obtain the flattened layer of PMMA on SiO2−Si with molecular weights of 30, 50, and 70 kg/mol using toluene.
(c) Leaching time to obtain the flattened layer of PMMA-1 on substrates with various OH group contents using DMF.
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irreversibly adsorbed polymer chains on the substrate could be
regarded as “Guiselin” brushes, which have many contacts
between the substrate and segments (N1/2 contacts per chain,
where N is the degree of polymerization). We postulated that
the interfacial sublayer, which includes the inner flattened
chains and outer loosely adsorbed chains, can be considered as
dry brushes. Because the OH groups on the SiO2−Si surface
act as anchoring points for the adsorption of PMMA chains,
the adsorbed PMMA chains easily formed the flattened layer
with a train conformation and loosely adsorbed chains when
the SiO2−Si surface was covered by 100% OH groups (many
anchoring points). This yielded a thicker interfacial sublayer
and flattened layer and higher coverage of the flattened layer.
In this case, when the content of the OH groups (i.e.,
anchoring points) on the substrate surface decreased, the
adsorbed PMMA chain had difficulty in forming a flattened
layer with a train conformation and leaving few anchoring sites
for the late-arriving chains to form loosely adsorbed chains,
resulting in a thinner interfacial sublayer and flattened layer
and lower coverage of the flattened layer. That is, the reduced
thicknesses of the interfacial sublayer and flattened layer with
the lower OH group content were caused by a decrease in
effective grafting density (i.e., the number of chain contacts
with substrate per unit area). When the OH group content on
the substrate surface was approximately 31%, the PMMA
interfacial sublayer consisted of only loosely adsorbed chains,
and the flattened layer with a train conformation cannot form.
Effect of Contact Sites on the Formation of the

Loosely Adsorbed Chains. To confirm that the formation of
the PMMA adsorbed layer was related to the anchoring point
OH groups, PMMA-2 with a low molecular weight (15 kg/
mol) was used. The number of anchoring points for one chain
decreases with decreasing polymer molecular weight (sche-
matic in Figure 2c), which facilitates the loosely adsorbed
chains to be easily removed by the solvent. Figure 7a shows
that the thicknesses of the adsorbed layers obtained using
toluene and DMF were similar when the molecular weight of
PMMA was 15 kg/mol. Figure S6 shows the AFM height
images and surface coverages of the PMMA-2 flattened chains
on various substrates. It is found that the morphology of
PMMA-2 flattened chains is smooth and their surface
coverages are almost 100%, which is different from those for
PMMA-1 (see Figure 3) and consistent with the prediction of
O’Shaughnessy and Vavylonis.20 Because the chain/solid
contacts for the irreversibly adsorbed polymer chains on the
solid were considered N1/2 contacts per chain,17,29 the number
of contacts for both the flattened chains and loosely adsorbed
chains decreased with PMMA molecular weights. For PMMA
with relatively low molecular weights, the loosely adsorbed
chains were easily removed by the solvent owing to few
anchoring points; therefore, similar adsorbed layers were
obtained using toluene and DMF as leaching solvents (Figure
7a). This is likely why the molecular weight affects the
thicknesses of the adsorbed layers obtained using both toluene
and DMF. The thicknesses of the residual layers of the PMMA
film on SiO2−Si with molecular weights of 30, 50, and 70 kg/
mol are presented in Figure S7a as a function of toluene
leaching time. The leaching times to obtain the flattened layers
were determined for different molecular weights; their
relationships with N1/2 are shown in Figure 7b. The leaching
time to obtain the flattened layer increased exponentially with
increasing N1/2. Moreover, the leaching processes and leaching
times to obtain the PMMA-1 flattened layers on substrates

with various OH group contents using DMF are shown in
Figure S7b and Figure 7c. The leaching time decreases with
decreasing OH group content on the substrate surface. A small
increase in the number of contacts greatly enhanced the
elution time of the loosely adsorbed chains. These results
indicate that the OH groups on the substrate controlled the
formation of the adsorbed layer structure. Furthermore, the
physical properties (e.g., Tg) of the corresponding supported
PMMA films could be tuned by adjusting the substrate surface
chemistry.

■ CONCLUSIONS
In this paper, the structure of the PMMA adsorbed layer was
adjusted by changing the OH group content on the SiO2−Si
surface. The PMMA adsorbed layer consisted of a flattened
layer and loosely adsorbed chains with 100% OH group
content on the SiO2−Si substrate. With the increased
displacement of OH groups by phenyl groups, both the
flattened layer and loosely adsorbed layer decreased in
thickness. When the OH group content on the substrate
surface decreased to 31%, the flattened layer disappeared and
the PMMA adsorbed layer consisted only of loosely adsorbed
chains. This could be caused by the change in the content of
OH groups, which served as anchoring points for the
adsorption of PMMA chains because hydrogen bonds formed
between the OH groups on the substrate surface and the C�
O groups in PMMA. The anchoring points for PMMA
adsorption decreased with decreasing OH group content on
the substrate surface, which hindered the formation of the train
conformation by the adsorbed PMMA chains, yielding a
flattened layer. Furthermore, the greater distance between
neighboring anchoring points led to loosely adsorbed chains
because the phenyl groups on the substrate prevented the
adsorption of the PMMA chains. This caused the flattened
layer to disappear, and only loosely adsorbed chains existed in
the adsorbed layer. Furthermore, the segmental dynamics of
the supported PMMA films can be adjusted by changing the
OH group content on the substrate and accordingly changing
the structure of the adsorbed layer. This study provides a novel
method to adjust the structure of the adsorbed layer;
moreover, it offers insight into the formation of the adsorbed
PMMA layer.
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