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ABSTRACT 

The modification of surface properties of isotactic polypropylene (it.PP) has attracted much 

attention in fundamental science and industrial applications. Primer treatment is a promising 

methods that is employed to overcome the poor adhesive property of it.PP. In this study, we 

examined the primer effect of the cobalt complexes, cobalt (II) acetylacetonate Co(acac)2 and 

cobalt (III) acetylacetonate Co(acac)3, from the perspectives of adhesive strength, curing process, 

surface structure, affinity between substrate and adhesive, morphology and interfacial thickness. 

The results obtained explain the increased adhesive strength between an isotactic polypropylene 

substrate and a cyanoacrylate adhesive. In particular, the interfacial regions were evaluated as 

“interphase” by nano-Raman scattering microscopy and transmission electron microscope-energy-

dispersive X-ray spectroscopy. The region is expanded by applying Co(acac)2 primer as the 

adhesive strength increased. The Co(acac)2 primer caused the increased adhesive property with the 

enhancement of molecular interaction, chemical affinity, and mutual diffusion. 
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Introduction 

Since achieving the polymerization of α-olefins by Ziegler–Natta catalysts in 1950s,[1,2] poly-

α-olefins, in particular isotactic polypropylene (it.PP), have been widely employed in daily life, 

architecture, and industrial fields.[3] The molecular weight, regioregularity, tacticity, and 

copolymerization segment of poly-α-olefins are readily controlled by the polymerization condition, 

and poly-α-olefins with various mechanical, thermal and optical properties have been reported.[4–

7] The many advantages of it.PP, such as lightweight, processability, thermal stability, chemical 

resistance, and low hygroscopicity, have accelerated its widespread acceptance compared to other 

thermoplastic resins.[3,8] In addition, their properties have been modified drastically by blending 

with other polymers, laminating and adding inorganic fillers and fibers.[8–13] Therefore, it.PP is 

included not only in packages and electrical appliances but also in building roofs and automotive 

frames. It.PP has received much attentions as an alternative to metallic materials in automobiles, 

and it is expected that further development for this application will lead to their reduced weight 

and an improved fuel efficiency for energy saving.[14,15] 

However, the poor adhesion of it.PP is well known as one of disadvantages,[16,17] and 

originates from its high crystallinity and low reactive chemical structure without any polar 

substituents. In contrast, from the perspectives of the complexity of the many component materials 

in the vehicles, the adhesion of it.PP with polymers, carbon fibers, or metals is a significant 

challenge. In order to improve the adhesive properties, various surface modification methods of 

it.PP have been proposed.[17–24] In general, there are both physical and chemical treatments. 

Physical treatments include blast, frame, UV, plasma, and corona discharge, while chromate and 

primer treatments are classified as chemical treatment. Primer treatment involves the application 

of primers to it.PP substrates before adhering, and it promotes the adhesiveness of the it.PP 
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surface.[25–28] Kimura et al. reported on the primer effect of metallic acetylacetonates for the 

modification of adhesion properties between polyolefins and cyanoacrylate (CA) adhesives.[18, 

28–30] Sonnenschein  et al. reported that trialkyl boranes performed as primers for the surface 

modification of polyolefins.[31,32]  

In this way, several primers for the improvement of the adhesion of it.PP substrates have been 

examined and clarified,[25–28] but there is a limited variety of primers, and there is to date no 

detailed understanding of the mechanism of the primer effect on the adhesion interphase. The 

investigation of the interphase is a significant challenge because adhesion is a complicated 

phenomenon that exists within a limited spatial space. In this study, the term “interphase” is used 

as an alternative to “interface”, which is generally accepted. However, as described below, we 

propose that the adhesive region has a finite thickness, and  the term “interphase” is more 

appropriate.[33–36] Adhesion involves the anchor effect, chemical bonding, electrostatic 

interaction, van der Waals interaction and diffusion.[16] Recently, analytical techniques and 

instruments have been developed for adhesion interfaces, including the Fourier transform infrared 

spectroscopy in attenuated total reflection method (ATR-FTIR),[37–40] energy-dispersive X-ray 

spectroscopy (EDX),[41,42] X-ray photoelectron spectroscopy (XPS),[37,38,43–46] secondary 

ion mass spectrometry (SIMS),[43,44,47] scanning near-field optical microscopy (SNOM),[48] 

grazing incident angle X-ray diffraction,[49] and sum frequency generation (SFG) 

spectroscopy[50–53]. Their extremely high spatial resolution, good detection threshold, and ability 

to acquire simultaneous multi-measurements have been achieved in the interfacial analyses. 

However, these analysis techniques also have disadvantages, including limitations with respect to 

the analysis subjects, time resolution and internal observation of the microstructure. To obtain a 
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deeper insight into the adhesive mechanism, a more detailed evaluation of the adhesion and 

interphase is required.  

Herein, we focus on the primer effects of cobalt acetylacetonate complexes in the adhesion 

system of it.PP/CA/it.PP and we evaluated the adhesion interphase by performing confocal Raman 

scattering microscopy and transmission electron microscope-EDX (TEM-EDX). It is well known 

that monomer ethylcyanoacrylate in the CA adhesive is rapidly polymerized and cured by moisture 

under ambient atmosphere. CA adhesives are easily accessible in our daily life as well as in the 

field of material engineering.[29,54] In this regard, CA adhesives have significant practical 

advantages. Therefore, we investigated the relationship between adhesive properties and surface 

properties from the prespectives of the primer effect on the it.PP substrates, surface crystallinity 

of it.PP, chemical affinity of cobalt complexes, and the curing process. 
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Experiments 

Materials 

It.PP pellets (NOBLEN D101, MFR = 0.5 g/10 min.) were supplied from Sumitomo Chemical 

Industry Co. Ltd.. CA adhesive (Loctite401 (>90% ethyl cyanoacrylate, containing <10% 

polymethylmethacrylate)) was supplied from Henkel Co. Ltd.. Bis(2,4-pentadionato)cobalt (II) 

(Co(acac)2) and Tris(2,4-pentadionato)cobalt (III) (Co(acac)3) were purchased from TCI Co. Ltd.. 

Toluene and iodomethane were purchased from Nakaraitesk Co. Ltd.. Ethyl 2-cyano-2-

methylpropionate was purchased from TCI Co. Ltd.. 

 

T-peel test 

It.PP substrates that were around 200 µm thick were prepared for T-peel tests by the melt press 

of pellets at 180 °C under 6.0 MPa, followed by quenching. Cobalt complex primers (0.5 wt%) in 

toluene solution were spin-coated onto it.PP substrates (20 mm × 60 mm) using a spin coater 

(Micro Tech. Co. Ltd., ASS-302) with 800 rpm for 12 s. The primer concentration was optimized, 

as shown in Figure S12 of the Supplementary material. The primer-coated substrates were exposed 

into ambient atmosphere for 30 min. This period is called the “open time”. After casting CA 

adhesive on the substrates, other non-CA-coated substrates were overlapped on the coating side of 

CA-coated substrates, as shown in Figure S2 in the Supplementary material, then the adhered 

specimens were pressed using a 500 g weight for 2 days. The T-peel tests were carried out on the 

autograph (AGS-1kND, SHIMADZU Co. Ltd.) with a tensile speed of 50 mm/min. T-peel tests 

performed for five or more adhered specimens were prepared under the same condition. 

 

Raman scattering measurement 
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Raman scattering measurements were performed on alpha300R (WITec Co. Ltd.) using a 

Nd/YAG laser (532 nm). The employed measurement modes were single points, line scanning and 

two-dimensional (2D) mapping. In the 2D mapping measurements, the mapping area was 35 µm 

× 35 µm. The Raman bands employed for 2D imaging were 812 cm−1 (vCH2, vC-C, vC-CH), which 

originated from it.PP[55] and 2247 cm−1 (vCN) of CA[56]. The lateral resolution dxy is defined as 

shown below: 

𝑑𝑑𝑥𝑥𝑥𝑥 = 0.51 × 𝜆𝜆
𝑁𝑁𝑁𝑁

=  0.51 × 532
0.75

= 362 (nm)   

where NA is the numerical aperture of objective lenses and λ is the wavelength of the laser. 

To investigate the interfacial regions, the cross sections of adhered samples were first cut with 

razor, then embedded in epoxy resins Araldite® RAPID was obtained by curing at room 

temperature overnight. Next, the cross section sides of the embedded samples were milled in an 

abrasive machine (SBT920, Meiwafosis Co. Ltd.). The flattening of the cross-sections was 

performed by Ar ion polishing using a cross-section polisher (IB-09010CP CPIII, JEOL Co. Ltd.). 

The polishing condition was 4 kV, 70 µA for 40 h. 

 

Investigation of curing rate of CA adhesive  

The cobalt complex primers were cast on the it.PP substrates (10 mm × 10 mm), and the 

substrates were then exposed to ambient atmosphere for 30 min. After a drop of CA adhesive was 

cast and then two it.PP substrates were adhered, each adhered specimen was prepared. In the 

confocal Raman scattering measurement, the center of the CA layer was the focus. Raman 

scattering spectra were obtained every 10 s. 
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Scanning electron microscopy (SEM) observation 

To observe the surface of the adhered side of it.PP substrates, we used SEM (JSM-5610LVS, 

JEOL Co. Ltd.) with a 10 kV electron accelerating voltage. The samples were coated with platinum.  

 

X-ray diffraction measurement 

We performed X-ray diffraction measurements on a Smart Lab (RIGAKU Co. Ltd.). The X-

ray beam source was CuKα (40kV, 30 mA) and the incidence angle was 0.10°. This incidence 

angle was smaller than the critical angle of it.PP (αc = 0.149°), where there was total reflection of 

the incident X-ray.[57] The diffraction profiles were obtained from out-of-plane and in-plane 

geometries. The X-ray diffraction originated from the structure within several nanometers from 

the top surface of substrates. In addition, we performed out-of-plane and in-plane measurements 

using a synchrotron beam (beam energy: 10 keV, incidence angle: 0.16°) at SPring-8 BL15XU 

and BL24XU for comparison with those measured in laboratory. The obtained profile data were 

similar to those measured in our laboratory. 

The crystallinity of it.PP substrates was calculated using the literature method reported by 

Weidinger and Hermans.[58]  

 

Atomic force microscopy (AFM) measurement 

To investigate the surface morphology of it.PP substrates after primer treatment, we performed 

AFM measurements on an E-sweep (SII nanotechnology Co. Ltd.) with a silicon cantilever (tip 

size: 10 nm, SII nanotechnology Co. Ltd.). The scanning area was 5 µm × 5 µm. 

 

Contact angle measurement 
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The surface properties of it.PP substrates were examined by measuring static contact angles of 

CA droplets on it.PP substrates before and after the primer treatments. The contact angles θ were 

corrected using the θ/2 method, as shown in Eq. 1. 

θ = 2 tan−1(2H/R)            (1) 

where R is the diameter of the contact area of the CA droplet and substrate, and H is the height of 

the droplet. 

 

Interaction between cobalt primers and CA adhesive 

We evaluated the interaction between the nitrile substituent of CA and cobalt complexes in 

toluene solution using the Raman scattering spectroscopy. We employed the ethyl 2-cyano-2-

methylpropionate (CA model) as an alternative to the CA adhesive. After dissolving 0.10 mmol 

Co(acac)2 or Co(acac)3 into 20 mL toluene at 60 °C, we added 1.8 mmol CA model and the 

solutions were stirred for 24 h. For the Raman scattering measurements, we measured the drops of 

the solution covered by cover slips on the microscope slides. We observed a shift of the nitrile 

substituent band around 2247 cm−1. 

 

Energy dispersive X-ray spectrometry in scanning transmission electron microscopy (STEM–

EDX) 

We performed STEM using a TECNAI Osiris (FEI Company, Hillsboro, OR, USA) scanning 

transmission electron microscope equipped with four windowless silicon drift EDX detectors, 

which were placed symmetrically around the optical axis near the specimen area. This EDX system 

(Super-X) significantly enhances the EDX detection sensitivity, particularly for light elements, 

which enables us to rapidly detect small amounts of the elements in polymer materials. Thin 
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sections were prepared for the STEM process by ultra-microtoming with a diamond knife at room 

temperature with a preset thickness of 70 nm after they were embedded in light-curable resin (D-

800, Toagosei Co., Ltd.). The sections were then placed on a copper grid covered with lacey carbon 

film. All the observation were performed at an accelerating voltage of 200 kV. The spatial 

resolution is <10 nm.[59–61] 
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Results and Discussion 

We evaluated the effect of cobalt complex primers on the adhesive properties of it.PP 

substrates. Table 1 shows the T-peel strength of the it.PP/CA/it.PP adhered specimens with no 

primer treatment, as well as with Co(acac)2 and Co(acac)3 primer treatments. Without any primer 

treatment, the adhesive strength was lower than 1.0 N/cm. After applying the Co(acac)3 primer, 

there was a negligible change in the strength, whereas in the case of Co(acac)2 primer, the T-peel 

strength was increased drastically to more than 30 N/cm. The specimens with non- and Co(acac)3- 

primer treatments were peeled at their interface, while the one with the Co(acac)2 primer was 

fractured in the adhesive layer. Therefore, a clear primer effect was observed for only Co(acac)2 

on it.PP substrate. For a detailed investigation on the effect of primer on the adhesive properties, 

various measurements were employed from several perspectives such as primers, adhesive, the 

it.PP surface and the it.PP/CA interphase. 

 

Table 1. T-peel strength of adhered it.PP/CA/it.PP specimens with non-, Co(acac)2 and 

Co(acac)3 treatment. 

Applied primer 
T-peel strength 

N/cm 

Non 0.63 ±0.1 

Co(acac)2 32      ±3.2 

Co(acac)3 0.60 ±0.1 

 

The curing velocity of the CA adhesive was evaluated by Raman scattering spectroscopy. The 

CA curing led to the disappearance of the band at 1612 cm−1, which originated from the C=C 

double bond vibration shown in Figure S4 in the Supplementary material. Figure 1 shows the time 
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dependence of band intensities at 1612 cm−1 in the Raman scattering spectra of the CA adhesive 

on the non- or primer-applied it.PP substrates. The spectra of CA adhesive on the Co(acac)3 

primer-treated it.PP substrate disappeared for more than an hour. This behavior corresponded to 

that of the CA on the non-treated it.PP substrate. However, the band intensity of the CA adhesive 

on the Co(acac)2 primer-treated it.PP was immediately decreased. This means that the CA curing 

on it.PP after applying Co(acac)2 primer was rapidly completed. In addition, Figure S5 in the 

Supplementary material shows the optical images of the CA solution in toluene including the cases 

with no primer, Co(acac)2 and Co(acac)3. Only the CA solution, which included the Co(acac)2 

primer was gelated immediately after adding CA into the primer solution. From the GPC analysis, 

the molecular weights of their CA adhesives after polymerization were similar as shown in Table 

S1 in the Supplementary material. These results indicate that the Co(acac)2 primer accelerated the 

anion polymerization of CA adhesives, but it had no influence on the molecular weight after 

polymerization. 

 

 

Figure 1. Intensity of Raman scattering band at 1612 cm−1 for CA (blue), CA+Co(acac)2 

(orange) and CA+Co(acac)3 (green) after  starting CA adhesive curing. 
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Figure 2. SEM images of the peeled surfaces of adhesive specimens of it.PP side with (a) no 

treatment, (b) Co(acac)2 and (c) Co(acac)3 treatments. (d) (e) and (f) represent the results of the 

CA side with (d) no treatment, (e) Co(acac)2 and (f) Co(acac)3 treatment.  

 

 

Figure 3. 2D mapping images of Raman scattering of the peeled surfaces of (a) it.PP substrate 

side and (b) CA adhesive side with Co(acac)2 treatment. Green areas represent the mapping of the 

band at 812 cm−1 originated from the it.PP substrate and the blue ones were at 2247 cm−1 and 

originated from the CA adhesive. 
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The fracture mode under the T-peel test was investigated using SEM images and 2D mapping 

images obtained by Raman scattering. Figures 2 and 3 respectively show SEM images and 2D 

mapping images of Raman scattering of the surface after the peeling test. The peeled surfaces 

without any treatment and with the Co(acac)3 primer-treatment were smooth. The peeled surface 

of the adhered specimen after applying the Co(acac)2 primer showed significant roughness. From 

the measurements of the peeled surface obtained by Raman spectroscopy, the CA adhesive 

component was observed in the surface of the it.PP side. The results show that the adhered 

specimen after applying the Co(acac)2 primer was fractured both in the adhesive layer and at the 

interface under the T-peel test. 

 

 

Figure 4. AFM height images of the surface of (a) it.PP, (b) it.PP after applying Co(acac)2 and 

(c) it.PP after applying Co(acac)3. 

 

The surface morphologies of it.PP substrates after primer treatments were evaluated by 

performing atomic force microscopy (AFM) measurements. Their height topological geometries 

are shown in Figure 4. After Co(acac)2 primer treatment, the cratered surface of it.PP emerged, 

while at the surface of it.PP after applying the Co(acac)3 primer, an aggregation of the Co(acac)3 

complex was observed. The depth of the crater after applying the Co(acac)2 primer was of the 
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order of several tens of nanometers. From these observations, we confirmed that Co(acac)2 was 

well-spread on it.PP substrates compared with Co(acac)3. 

To investigate the interaction between it.PP and CA adhesive, we measured the contact angles 

of CA droplets on non-applied it.PP as well as it.PP with Co(acac)2 and Co(acac)3 primer treatment. 

Their static contact angles are described in Table 2. The contact angle of CA on the non-treated 

it.PP was 38.7°. The results obtained for the Co(acac)3 primer-applied it.PP agreed relatively well 

withto the non-applied one. However, the contact angle on it.PP with Co(acac)2 primer treatment 

was drastically decreased to 15.4°. These suggested that the Co(acac)2 primer modified the surface 

property of it.PP and enhanced the affinity of CA to it.PP. After the curing of the CA droplets, the 

contact angles of CA on all the it.PP substrates remained. Therefore, the effect of CA curing under 

contact angle measurements was negligible. 

 

Table 2. Static contact angles of CA droplets on it.PP substrates 

Applied primer Static contact angle of CA 

None 38.7° ± 0.7° 

Co(acac)2 15.4° ± 1.2° 

Co(acac)3 32.6° ± 1.6° 
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Figure 5. Expanded Raman scattering spectra around the CN vibration band of the CA model 

(bottom, blue), CA model+Co(acac)2 (middle, orange) and CA model+Co(acac)3 (top, green). 

 

To obtain spectroscopic analyses of the interaction between the CA adhesive and cobalt 

primers, we measured the Raman scattering of the CA model compound and primers in solution 

states. We employed ethyl 2-cyano-2-methylpropionate (CA model) as a model of the CA adhesive. 

In Raman scattering spectroscopy, the C≡N triple-bond stretching vibration band of the CA model 

was detected at around 2245 cm−1. As shown in Figure 5, the C≡N vibration band of the CA model 

was shifted by adding Co(acac)2 primer compared to that of only the CA model. In contrast, the 

C≡N vibration band in the Co(acac)3 primer/CA model solution remained unchanged. Because the 

Co(acac)3 primer had no vacant orbitals but Co(acac)2 had two coordination sites, the CA model 

coordinated to only the Co(acac)2 primer and the Raman band was shifted. This indicated that only 

the Co(acac)2 primer, which was coordinated by the CA adhesive,[62,63] accelerated the curing 

of the CA adhesive and increased the affinity for the CA adhesive. 

In previous section, we discussed the significant primer effect of Co(acac)2. We focused on the 

primer structure of the it.PP surface and measured the grazing-incidence (GI) X-ray diffraction. 
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The critical angle αc of it.PP was 0.149°. Therefore, for the incidence angle of the X-ray beam α, 

we used 0.10°. Figure 6 shows the GI X-ray diffraction profiles of non-applied it.PP and it.PP after 

applying Co(acac)2 and Co(acac)3 primers. The measurements were carried out with both the out-

of-plane and in-plane geometries. The observed crystal modification of it.PP was the most 

conventional α-form. In the out-of-plane X-ray diffraction profiles of it.PP after Co(acac)2 and 

Co(acac)3 primer treatment, diffraction peaks appeared at 8.4° and 11.0°, respectively. The 

diffraction peak at 8.4° originated from the (100) plane of the tetranuclear complex [Co(acac)2]4 

[64] and that at 11.0° was from the (002) plane of Co(acac)3.[65] Both the diffraction peaks were 

undetectable in the in-plane measurements. This means that these two lattice planes were oriented 

in the direction perpendicular to the it.PP substrates, as shown in Figure 7. The primers on the 

it.PP surface crystalized with their metal complex structure, and were oriented to the substrates. It 

has been reported that as opposed to Co(acac)3 complexes, [Co(acac)2]4 complexes possessed 

coordination sites. On the it.PP substrates, the coordination sites of the [Co(acac)2]4 complex were 

directed upward, where vacant orbitals were exposed to the surface. Thus, it is considered that the 

CN group of CA can easily coordinate to the vacant orbital, which is expected to result in a large 

primer effect of Co(acac)2. 
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Figure 6. GI X-ray diffraction profiles of it.PP (bottom, black), it.PP after applying Co(acac)2 

(middle, orange) and it.PP after applying Co(acac)3 (top, green) measured with (a) out-of-plane 

and (b) in-plane geometries. 

 

 

Figure 7. Schematic illustration of Co(acac)2 and Co(acac)3 orientation on it.PP. 
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Figure 8. Profiles of Raman scattering bands at 2247 cm−1 (blue) and 812 cm−1 (green) across 

the it.PP/CA interphase with (a) no primer, (b) Co(acac)2 and (c) Co(acac)3. 

 

In the above discussion, the interactions between it.PP substrates, cobalt primers and CA 

adhesive before adhesion were described. Next, to determine the effect of primers on the adhesive 

strength, we investigated the interphase of adhered specimens using nano-Raman scattering 

microscopy. The Raman scattering spectrum of each component, it.PP and cured CA adhesive, is 

shown in Figure S6 in the Supplementary material. The cross section of the adhered it.PP/CA 

sample without primer treatment was measured across the adhesion interphase. The measuring 

points were swept from the CA adhesive to the it.PP substrate with increments of 350 nm. Figure 

S8 in the Supplementary material shows the obtained spectra. The bands that originated from CA 

adhesives were gradually decreased, and the bands of it.PP were increased. For example, the C≡N 

vibration band of CA adhesive at 2247 cm−1 was decreased, and the band of the it.PP substrate at 

812 cm−1 increased. The integrated intensities of both bands were plotted as shown in Figure 8 (a). 

The integrated intensity of the band of the CA adhesive and it.PP were inverted relative to each 

other at the adhesion interphase. In this study, the inverting region was defined as the interfacial 

thickness. Table 3 shows the interfacial thickness of adhered it.PP/CA samples without any primer 
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treatment and with Co(acac)2 and Co(acac)3 primer treatment. The interfacial thickness with 

Co(acac)3 primer treatment was similar to that without any primer treatment, while the thickness 

after applying the Co(acac)2 primer was twice as large as the non-treated one. These results agreed 

with their tendency of adhesive strength.[51,66] 

 

 

Figure 9. STEM-EDX mapping images around the it.PP/CA interphase with (a) non-treatment, 

(b) Co(acac)2 treatment and (c) Co(acac)3 treatment. Top : HAADF images. Bottom : element 

mapping images (carbon : blue, nitrogen : green, cobalt : red). 

 

Table 3. Interfacial thickness of it.PP/CA estimated by Raman scattering and STEM-EDX 

measurements. 

Applied primer 
Interfacial thickness 

Nano-Raman (µm) 
STEM-EDX (nm) 

N C 
None 1.2±0.4 40 140 

Co(acac)2 2.5±0.7 150 200 

Co(acac)3 1.4±0.6 80 120 
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For an in-depth investigation into the adhesive interfacial thickness, we evaluated the adhesion 

interphases with STEM-EDX. Figure 9 shows the high-angle annular dark-field (HAADF) images 

and EDX elemental maps of carbon, nitrogen and cobalt elements in the region around the 

interphase of it.PP/CA without any primer treatment as well as with Co(acac)2 and Co(acac)3 

primer treatment. In all of the adhered specimens, the interphases of it.PP/CA were observed 

clearly. In addition, the interphase after applying Co(acac)2 primer, as opposed to the Co(acac)3 

primer, included the thin layer containing the cobalt element. This indicated that the Co(acac)2 

primer was localized at the interphase and enhanced the adhesive strength effectively, as shown in 

Figure S9 (d) in the Supplementary material. In contrast, the Co(acac)3 primer on the it.PP 

substrate was eluted and diffused to the CA side owing to the slow polymerization of CA in Figure 

S9 (e) in the Supplementary material. Figure S10 in the Supplementary material shows the profile 

of the element abundance ratios of nitrogen and carbon across the interphase with Co(acac)2 and 

Co(acac)3 primer treatment. The inversions of the elemental ratios at the interphase corresponded 

to the case of the nano-Raman scattering analyses. The interfacial thickness is shown in Table 3. 

The thickness of the interphase after applying Co(acac)2 primer was larger than that after Co(acac)3 

primer treatment. While these results are reasonable, the absolute values of the interfacial thickness 

obtained by STEM-EDX measurements were significantly different from that obtained by nano-

Raman scattering spectroscopy. This difference was attributed to the spatial resolution of the 

instruments. Therefore, to obtain a complete understanding about the adhesion interphase, there is 

a need for a larger contribution to the interfacial analyses. This implies that the primer effect of 

Co(acac)2 was inspired by the curing acceleration of CA adhesive, the improvement of the affinity 

between the it.PP and CA adhesive and the larger interfacial thickness of it.PP/CA. In particular, 
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these spatial interfacial regions can be referred to not as an interface, but as an “interphase”, which 

controls the adhesive properties.  

From the above analyses of the interfacial thickness, it is shown that the mutual diffusion was 

one of the key factors affecting the high adhesion. Therefore, we measured the adhesive strength 

of CA adhesives to it.PP substrates with various surface crystallinities. The crystallinities were 

controlled by the annealing temperature and estimated using the GI X-ray diffraction profiles 

shown in Figure S11 in the Supplementary material. As the annealing temperature increased, the 

crystallinities increased, as shown in Table S2 in the Supplementary material. The adhesive 

strength of it.PP substrates with larger crystallinities decreased even after Co(acac)2 primer 

treatment in Figure 10. This may be because the crystalline regions of it.PP with higher density 

and limited molecular mobility inhibit the mutual diffusion of it.PP, Co(acac)2 primer and CA 

adhesive relative to the non-crystalline region. 

 

Figure 10. T-peel strength of it.PP/CA/it.PP with various surface crystallinity of it.PP 

substrates. 

  



 23 

CONCLUSIONS 

In this study, we investigated the effect of cobalt complex primers on the adhesive properties 

of it.PP substrate and CA adhesive from the perspectives of molecular morphology and chemical 

interaction. In particular, Co(acac)2 complex, as opposed to Co(acac)3, improved the adhesive 

property of it.PP effectively. Based on the various measurements results obtained, it was shown 

that the electronic state, molecular interaction and diffusivity of Co(acac)2 resulted in a high curing 

velocity, high affinity between the adhesive and substrate, large interfacial thickness, and 

subsequently a high adhesive strength. Here, we evaluated the interfacial thickness using nano-

Raman scattering spectroscopy and STEM-EDX. The results obtained by both measurement 

methods were in agreement with each other. In addition, we varied the adhesive strength using the 

surface crystallinity of it.PP substrates, which confirmed the effect of the mutual diffusion on the 

adhesive strength.   
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