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Effect of Interfacial Local Conformation of Polymer Chains on 
Adhesion Strength
Tatsuki Abe,a Satoru Yamamoto,a and Keiji Tanakaa,b,*

The aggregation states of polymer chains at solid interfaces are strongly related to their adhesion properties. In this study, we 
focused on sum-frequency generation (SFG) vibrational spectroscopy, which offers the best depth resolution at the sub-
nanometer level among available techniques, and explored its potential as an imaging method. A poly(methyl methacrylate) 
(PMMA) thin film with a line-and-space pattern was prepared on a quartz substrate. Imaging of the interfacial line-and-space 
structure in the film was successfully achieved based on SFG signals arising from ester methyl groups as well as carbonyl 
groups. Once SFG imaging was established, it was applied to blend films of polystyrene (PS) and PMMA with different 
compositions on the quartz substrate, enabling the direct and non-destructive observation of wetting layers and phase-
separated structures buried at the substrate interface for the first time. The interfacial adhesion strength between the blend 
films and the quartz substrate, evaluated using the surface and interfacial cutting analysis system, showed a clear correlation 
with the interfacial structure of the blend. This study, which enables the analysis of the relationship between the local 
orientation of polymer chains at the interface and adhesion strength, is expected to contribute greatly to the design of next-
generation adhesives and adhesion technologies.

1.  Introduction
The structure and properties of polymer chains at a buried solid 
interface are considered crucial for the adhesion properties of 
polymer-based adhesives.1-15 To better understand the emergence of 
adhesion strength, various theories have been proposed, including 
interlocking,16-19 chain diffusion,20-24 Coulomb interactions,25-27 van 
der Waals interactions,28-30 and hydrogen bonding31-33 at adhesion 
interfaces. These theories suggest that polymer chains directly contact 
the adherend surface, leading to both physical and, in some cases, 
chemical interactions. Thus, it is essential to understand and control 
the orientation of functional groups in polymer chains at the interface, 
the resulting local conformations, and the way these interfacial 
adsorbed chains interact with bulk polymer chains to form the 
interfacial layer. This understanding is key to optimizing adhesion 
performance.

The interface is in a different energy state compared to the bulk 
because it is in contact with different media. Therefore, the 
aggregation state of molecular chains at the interface is unique 
compared to the bulk,34-44 necessitating direct evaluation. Interfacial 
selective spectroscopy is effective in analyzing the aggregation state 
of molecular chains at the interface. Specifically, techniques such as 
near edge X-ray absorption fine structure,45,46 energy loss near-edge 
structure,47,48 and soft X-ray absorption spectroscopy combined with 

etching using a gas cluster ion beam (GC-IB)49 are notable. 
Additionally, vibrational spectroscopy is also powerful, among which 
sum frequency generation (SFG) vibrational spectroscopy based on 
the second-order nonlinear optical effect,50-57 is used for analyzing the 
orientation of functional groups at the interface due to its excellent 
depth resolution.

Evaluating the in-plane aggregation states of polymers at 
interfaces buried within a material is not straightforward. So far, 
imaging techniques such as secondary ion mass spectrometry58,59 and 
scanning force microscopy observation using solvent etching,60,61 and 
electron microscopy observation combined with computer 
tomography have been reported. However, these techniques are 
fundamentally destructive tests. On the other hand, if imaging using 
the aforementioned SFG spectroscopy,62,63 which has not yet been 
applied to synthetic polymers by other research groups,64 were 
become more commonly utilized, it would enable the non-destructive 
analysis of the aggregation states of polymer chain at the buried 
interfacial plane with a depth resolution of better than 1 nm. 

In this study, we selected a blend system composed of typical 
amorphous polymers, polystyrene (PS) and poly(methyl 
methacrylate) (PMMA), prepared on a quartz substrate as a model of 
a hot-melt adhesive to examine the relationships between aggregation 
states at the outermost interface and adhesion strength. First, to 
demonstrate the capability of SFG imaging based on the orientational 
distribution of functional groups, a line pattern imposed onto a 
PMMA thin film was characterized. The interfacial ordering of side-
chain functional groups of PMMA at the quartz interface, promoted 
by thermal annealing, was successfully visualized in both the carbonyl 
and the C-H regions. Then, the aggregation states of the PS/PMMA 
blend films with various mixing ratios at the quartz interface were 
examined based on SFG images. Finally, this information was 
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combined with the interfacial adhesion strength measured by a surface 
and interfacial cutting analysis system (SAICAS),65-68 demonstrating 
that the orientation of functional groups at the interface is extremely 
important for adhesion phenomena. 

2.  Experimental
As a sample, PMMA with a number-average molecular weight 
(Mn) of 300k and a polydispersity index of 1.05, purchased from 
Polymer Source Inc. (Québec, Canada), was used. A thin film of 
PMMA with a thickness of approximately 100 nm was prepared 
on a quartz substrate by spin-coating from its toluene solution. 
Subsequently, a line-and-space (L&S) pattern with a half pitch 
of approximately 40 m was imposed onto the PMMA film by 
irradiating vacuum ultraviolet light through a metal mask. The 
resulting structure was characterized using a digital microscope 
(VHX-700F, Keyence, Osaka, Japan). One of the PMMA films 
was not thermally annealed, while the other was annealed at 433 
K for 24 h. To selectively obtain SFG signals from the quartz 
interface, the top surface of the patterned film was covered with 
another quartz substrate. Figure 1 shows a schematic 
representation of the side view of the PMMA L&S film. To 
acquire SFG signals from carbonyl groups at the interface, CaF2 
substrates covered with a 10 nm silicon oxide (SiOx) layer were 
used instead of quartz substrates to avoid the absorption of the 
excited infrared (IR) beams during SFG measurements. 

SFG spectroscopy and microscopy were conducted at room 
temperature using an SFG system (EKSPLA, Vilnius, Lithuania). 
A 532 nm-visible (VIS) beam was obtained from frequency-
doubling fundamental output pulses from a picosecond Nd:YAG 
laser (PL2231-50, EKSPLA), and a tunable IR beam was 
generated from an optical parametric generation/amplification 
and difference frequency generation system with BBO and 
AgGaS2 crystals (PG500, EKSPLA). The incidence angles of s-
polarized VIS and p-polarized IR beams were set to 60° and 55°, 
respectively. SFG signals for spectroscopy were collected by a 
photomultiplier tube (PMT) (R7899, EKSPLA) after being 
diffracted by a monochromator (MC) (MS2001, EKSPLA). For 
microscopy, signals passing through a telescope lens and an 
objective lens were gathered by a CCD camera with an image 
intensifier (iStar DH334T-18U-63, Oxford Instruments Andor 
Ltd, Belfast, United Kingdom). The magnification was 20× and 
the length scale of an obtained SFG image was calibrated using 
a gold grating with a line and space of 5 m. In our current setup, 
the theoretical in-plane resolution is nearly equivalent to the 
diffraction limit. No corrections were applied to SFG images to 
account for the spatial distribution of the intensity of the 

excitation laser beams. The adhesion strength of the PMMA 
L&S film at the interface with a quartz substrate was examined 
using a SAICAS (NN-05, DAIPLA WINTES, Co. Ltd., Japan) 
at room temperature. Cutting was performed at room 
temperature using a diamond blade with a width of 1 mm. The 
cutting velocities were set to 2 nm/s perpendicular to the surface 
and 400 nm/s parallel to the surface. Once the blade reached the 
substrate interface, cutting continued only in the in-plane 
direction to measure the adhesion strength. 

Then, an immiscible blend of PS and PMMA with various 
blend ratios at the quartz interface was characterized using SFG 
in conjunction with SAICAS. The Mn and PDI values of PS of 
PMMA, purchased from Tosoh (Tokyo, Japan) and Scientific 
Polymer Products Inc. (Ontario, NY, USA), respectively, were 
1,030k and 1,100k, and 1.20 and 1.12. Films of the PS/PMMA 
blend were prepared by solvent-casting from toluene solutions 
onto CaF2 prisms covered with a 10 nm-thick SiOx layer. CaF2 
plates, also coated with a 10 nm-thick SiOx layer, were then 
mounted on the films at 433 K for 48 h, creating a sandwich 
structure with the blend films. This procedure also served as the 
thermal annealing process for the films. For the interfacial 
adhesion tests using SAICAS, the blend films prepared on quartz 
substrates were used. The surface chemistry of quartz and SiOx 
should be identical. The cutting velocity was 50 nm/s 
perpendicular to the interface and 500 nm/s parallel to the 
interface. The peeling strength was determined by the force 
required in the parallel direction as the blade progressed during 
parallel cutting. 

3.  Results and discussion
Figure 2 (a) shows SFG spectra for the as-spun and annealed PMMA 
L&S films under the sp (s-polarized visible input and p-polarized IR 
input) polarization combination. This setup was used to amplify signal 
intensity in our SFG microscope by avoiding the insertion of a 
polarizer between the SF output and the detector. In this configuration, 
the specimen was positioned on a stage such that the angle between 
the lines in the pattern and the incident plane of the beams () was set 
to 0°. For clarity, each SFG spectrum has been vertically shifted. The 
most intense peak observed at 2,955 cm−1 could be attributed to the 
C-H symmetric stretching vibration of ester methyl groups (OCH3s).69 
Peaks at 2,912 and 2,942 cm−1 were assignable to the symmetric and 
antisymmetric stretching vibrations of methylene groups (CH2s and 
CH2as).69 Although the types of SFG peaks observed were similar 
before and after the annealing treatment of the film, the intensity of 
each peak varied. Specifically, the intensity from CH2as and OCH3s 
increased after annealing. Thus, it is evident that the local 
conformation of PMMA chains at the quartz interface changed due to 
thermal annealing.

Panels (b) and (c) of Figure 2 show two-dimensional maps of SFG 
signals at 2,955 and 2,942 cm−1, respectively, for the as-spun PMMA 
L&S film. These correspond to the SFG images for OCH3s and CH2as 
signals, exhibiting horizontally aligned stripes with a period of 
approximately 40 μm. For comparison, Figure 2 (f) shows a digital 
microscopic image of the annealed PMMA L&S film. A similar stripe 
pattern aligned along the horizontal direction was observed. The width 
of a stripe in the SFG images is identical to that in the digital 

Figure 1. Side view of a PMMA L&S film.
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microscopic image. Additionally, when changing  to 90°, the pattern 
in the SFG images rotated accordingly by 90° (not shown).

If successful imaging of the local conformation for interfacial 
chains is achieved, the signal intensity is expected to increase in 
proportion to the degree and/or the population of oriented functional 
groups at the interface. Panels (d) and (e) of Figure 2 show 
corresponding SFG images to Figures 2 (b) and (c) but after annealing 
at 433 K for 24 h. The width of stripes shown in both panels was 
identical to that in Figure 2 (b) and (c). However, the intensity of stripe 
regions was enhanced after thermal annealing, resulting in a clearer 
contrast between the brighter and darker regions.

The tilt angle of ester methyl groups (OCH3) relative to the 
substrate interface in the PMMA L&S films was determined from the 
peak intensity ratio obtained with the ssp and sps polarization 
combinations (not shown). Following the method by Chen et al.,70 the 
OCH3 values for the as-spun and annealed films were calculated to be 
48 and 61°, respectively, with the assumption of no angular 
distribution. These values are comparable to our recent results 
obtained from the combination of phase-sensitive SFG spectroscopy 
and full-atomistic molecular dynamics (MD) simulation.71 This angle 
of approximately 60° is effective for the formation of hydrogen bonds 

between side chain carbonyl groups of PMMA, which are directly 
connected to ester methyl groups, and silanol groups on the quartz 
surface, as discussed later.

When polymer chains undergo structural relaxation at the quartz 
interface through thermal annealing, as shown in Figure 2 (a), the 
orientation of functional groups is expected to differ from that before 
annealing.72-77 Figure 3 (a) shows SFG spectra in the C=O region with 
the sp polarization combination for the PMMA L&S film before and 
after thermal annealing. A distinct peak at 1,740 cm−1, attributed to 
the stretching vibration of free carbonyl groups, was observed for the 
as-spun film. However, after annealing, the peak shifted to the lower 
wavenumber position of 1,728 cm−1. The red-shift of the peak after 
annealing, indicative of structural relaxation, can be explained by the 
formation of hydrogen bonding. This means that carbonyl groups 
bonded to SiOH groups at the quartz surface after annealing69,78. 
Furthermore, the peak intensity was enhanced after thermal annealing, 
implying not only the enhanced orientation of carbonyl groups but 
also an increase in the number density of hydrogen-bonded carbonyl 
groups.79 To address the transient change in the local conformation of 
PMMA at the quartz interface during thermal annealing, MD 
simulations were conducted. The population of carbonyl groups 
orienting towards the quartz surface, associated with the formation of 
hydrogen bonds, increased with annealing, as shown in Figure S1. 
This MD result is in excellent accordance with SFG spectra shown in 
Figure 3 (a).

SFG imaging was then applied to this vibration region. Panels (b) 
and (c) of Figure 3 show two-dimensional maps of SFG intensity at 
1,740 and 1,728 cm−1, respectively, corresponding to the stretching of 
free and hydrogen-bonded carbonyl groups in PMMA L&S before 
thermal annealing. Similar stripe patterns, horizontally aligned with 
the identical width observed in Figure 2, were noted, indicating that 
the signals in the SFG images can be attributed to PMMA. Panels (d) 
and (e) of Figure 3 show SFG imaging at 1,740 and 1,728 cm−1 for the 
PMMA L&S after annealing. The contrast in the images became 
clearer at 1,728 cm−1 than at 1,740 cm−1, which is opposite to the trend 
observed before annealing. The integrated intensity of the SFG signals 
from hydrogen-bonded carbonyl groups was larger in Figure 3 (e) (i.e. 
4.4 × 107) than in Figure 3 (c) (i.e. 2.1 × 107). This result is consistent 
with the SFG spectra shown in Figure 3 (a). Thus, it can be claimed 
that the formation of hydrogen bonds between carbonyl groups of the 
PMMA side chain and the substrate surface has been successfully 

Figure 2.  (a) SFG spectra in the CH region with the sp polarization combination for a thin PMMA L&S film before (top) and after (bottom) 
annealing at 433 K for 24 h. SFG images for OCH3s and CH2as signals with the sp polarization combination for the (b and c) as-spun and (d 
and e) annealed films. (f) A digital microscopic image of the film. The angle formed with the line pattern () is shown. 

Figure 3.  (a) SFG spectra in the C=O region with the sp polarization 
combination for the thin PMMA L&S film before (top) and after 
(bottom) annealing at 433 K for 24 h. (b-e) SFG images for C=O 
signals with the sp polarization combination obtained at IR 
wavenumber of (b and d) 1,740 cm−1 and (c and e) 1,728 cm−1 for the 
as-spun and annealed films, respectively. 
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visualized. 
We now turn to an examination of how the formation of hydrogen 

bonds of carbonyl groups to the quartz surface impacts the adhesion 
strength. The angle between the cutting direction and the L&S 
structure corresponding to  was set to 90°, meaning that the cutting 
blade penetrated perpendicular to the L&S structure. Figure 4 (a) 
shows a schematic representation of the cutting geometry for the 
SAICAS measurement. In the early stage of cutting, a diamond blade 
proceeds through the film diagonally (regime I). Once it reaches the 
substrate surface, the direction changes to horizontal against the 
substrate surface (regime II). The latter cutting mode corresponds to 
peeling, providing information on the adhesion strength between 
PMMA and quartz. Figure 4 (b) shows the horizontal force (Fh) profile 
for the PMMA L&S film before and after annealing. After thermal 
annealing, the Fh increased and the periodic fluctuation corresponding 
to the L&S structure was observed. Increased and decreased Fh 
regions correspond to interfacial peeling and the movement of the 
cutting blade on the substrate, respectively. Considering SFG results, 
the enhancement of interfacial adhesion strength can be attributed to 
the formation of hydrogen bonding by carbonyl groups, thereby 
changing the local conformation of PMMA at the adherend surface. 
Polymer chains in the as-spun film are frozen in an energetically 
unstable state, whereas side-chain carbonyl groups adopt an 

energetically preferable conformation after annealing. This 
conformation enables them to form a stronger bond with the adherend 
surface.

Once we established the mapping of functional groups at a buried 
interface using SFG with a sub-nanometer depth resolution, the 
technique was applied to examine the aggregation states of a polymer 
blend of PS and PMMA, which is in a phase-separated state in the 
bulk.60,61 On the other hand, it is widely accepted that a wetting layer, 
or at least an enriched layer, of a component might form at the free 
surface and the substrate interface to minimize the interfacial free 
energy, as is well established in block copolymers.80,81 To the best of 
our knowledge, it remains uncertain whether this blend system is in a 
phase-separated state even at the buried interface. 

Panels (a) and (b) of Figure 5 show SFG spectra for PS/PMMA 
blend films with different bulk compositions using the sp and pp 
polarization combinations. Since the film surface was covered with a 
SiOx-covered CaF2 plate, the spectra reflect the structural information 
at the substrate surface. The most prominent peak for the neat PMMA 
film was observed at 2,955 cm−1, assignable to OCH3s.69 This peak 
was also observed for the PS/PMMA (25/75), (50/50), and (75/25) 
films, but not for the neat PS film. These results make it clear that 
ester methyl groups of PMMA were oriented at the SiOx interface due 
to the interaction through hydrogen bonding with silanol groups at the 
SiOx surface. As shown in Figure S2, both peaks attributed to C=O 
and OH stretching vibrations shifted to lower wavenumber regions 
with increasing bulk PMMA ratio. This shift indicates the formation 
of hydrogen bonds between PMMA side chains and the substrate 
surface.82 In contrast, peaks in the range of 3,000 to 3,100 cm−1, 
assignable to stretching vibrations of phenyl groups,83,84 were 
observed for the PS neat film. These peaks were not observed for the 
PMMA film or the PS/PMMA (25/75), (50/50), and (75/25) films with 
the sp polarization combination, but were present for the PS/PMMA 
(75/25) film with the pp polarization combination. Thus, it can be 
claimed that the substrate interface of the PS/PMMA (25/75) and 
(50/50) films was covered with the wetting layer of PMMA.85-87 In the 
case of the PS/PMMA (75/25) film, although both components of PS 
and PMMA were present at the substrate interface, it is difficult to 
determine whether they are in a phase-separated or a homogeneous 

Figure 4.  (a) Schematic representation of SAICAS measurement, 
showing cutting modes and detecting forces along the directions 
vertical and horizontal to the interface. (b) Horizontal force (Fh) 
profile for the PMMA L&S film before and after annealing, measured 
in the direction perpendicular to the line pattern. 

Figure 5.  SFG spectra for PS/PMMA blend films with different bulk compositions with (a) sp and (b) pp polarization combinations. SFG 
images for PS/PMMA (c) (25/75), (d) (50/50), and (e) (75/25), respectively. All blend films were annealed at 433 K for 48 h under vacuum.
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state. It is interesting to note that for the PS/PMMA (75/25) film, SFG 
signals attributed to phenyl groups were observed not with the sp 
polarization combination, but with the pp polarization combination. 
This result likely indicates that phenyl groups were predominantly 
tilted significantly toward the substrate interface in this blend film. 
This interpretation is also consistent with previous reports.83,84 

To discuss the in-plane distribution of local conformation, SFG 
imaging was conducted. Panels (c-e) of Figure 5 show two-
dimensional mappings of SFG intensity at 2,955 cm−1, corresponding 
to OCH3s, for the PS/PMMA (c) (25/75), (d) (50/50), and (e) (75/25) 
films at the SiOx interface. In the case of the PS/PMMA (50/50) and 
(25/75) films, homogeneous images were obtained. Thus, it is clear 
that PMMA was preferentially adsorbed onto the substrate surface, 
forming the wetting layer of PMMA formed at the SiOx surface, as 
discussed above. Since the degrees of polymerization for both the 
components were comparable, the conformational entropy loss of the 
components at the SiOx interface cannot be considered an important 
factor in this structural formation.88 Thus, the segregation of PMMA 
at the SiOx interface was likely driven by the surface energy difference 
between the components. 

In the case of the PS/PMMA (75/25) film, a heterogeneous 
structure with domains approximately 20−40 μm in diameter appeared, 
as shown in Figure 5 (e). Considering that SFG signals in the black 
regions were finite, not zero, the white and black regions correspond 
to areas where ester methyl groups are more or less oriented, 
respectively. This indicates the presence of two phases with different 
aggregation states at the SiOx interface. Thus, it seems most likely that 
the PS/PMMA (75/25) blend is separated into PS-rich and PMMA-
rich phases at the SiOx interface. It is noteworthy that the areal fraction 
of the white to black regions was 64% and was much larger than the 
bulk fed ratio of PMMA. This is simply because PMMA was 
preferentially segregated at the SiOx interface. To the best of our 
knowledge, this is the first report of a non-destructive structural 
analysis of a polymer blend at a buried interface with a solid substrate, 
made possible by the combination of SFG spectroscopy and 
microscopy. 

We finally address the relationship between aggregation states and 
adhesive properties at the substrate interface. Figure 6 shows the 
dependence of Fh, corresponding to peeling force at the SiOx interface, 
on the bulk blend composition, obtained through SAICAS 
measurements. The abscissa represents the bulk PMMA ratio. The Fh 

value increased with increasing bulk PMMA ratio because the extent 
and efficacy of hydrogen bonding between PMMA side chains and 
the SiOx surface increased with increasing bulk PMMA ratio, as 
shown in Figure S2. For example, for the PS/PMMA (25/75) and 
(50/50) blends, the SFG spectra and images appear similar, resulting 
in comparable peeling strength. Conversely, in the case of the 
PS/PMMA (75/25) blend film, although the interface was mainly 
covered with PMMA, the interfacial aggregation states were quite 
different from the others due to the phase-separated structure, 
specifically the presence of PS. This led to a lower peeling strength. 
As expected, the PS film exhibited the lowest peeling strength among 
samples employed owing to the lack of the formation of hydrogen 
bonding with the SiOx surface. Therefore, it can be concluded that 
interaction such as hydrogen bonding between polymer segments and 
the substrate surface are crucial factors in controlling adhesive 
properties.

4.  Conclusions
We examined the effect of the local orientational distribution of 
functional groups at the solid interface on adhesion properties by 
applying SFG imaging in conjunction with SAICAS measurements. 
Initially, orientational imaging based on SFG signals from ester 
methyl and carbonyl groups was conducted for PMMA L&S films. 
The structural reorganization of PMMA chains, specifically ester 
methyl groups and carbonyl groups, induced by thermal annealing 
was visualized at the quartz interface. Then, the interfacial distribution 
of local conformation in PS/PMMA blends with various compositions 
was examined. In the case of the PS/PMMA (50/50) and (25/75) films, 
SFG images from ester methyl groups were obtained, indicating that 
PMMA was preferentially segregated at the quartz surface, namely 
forming a wetting layer of PMMA at the interface. In contrast, the 
PS/PMMA (75/25) film exhibited a heterogeneous SFG image from 
ester methyl groups, with SFG signals from aromatic CH vibrations 
also clearly observed. These results make it clear that a phase-
separated structure was formed at the quartz interface. Furthermore, 
SFG spectroscopy revealed that hydrogen bonding between side chain 
carbonyl groups of PMMA and hydroxy groups on quartz was 
promoted with increasing PMMA fraction. The interfacial adhesion 
strength concurrently increased with PMMA fraction due to effective 
hydrogen bonding at the interface. Thus, it can be concluded that the 
interfacial aggregation states of polymer chains, specifically hydrogen 
bonding in this case, are crucial to control their adhesion properties. 
We believe that by further studying the molecular chain interactions 
at adhesive interfaces, particularly the interactions between polymers 
and adherend surfaces at the functional group level, next-generation 
adhesives and adhesion technologies will be established.  
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