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Kinetics of Interfacial Curing Reaction for an Epoxy-Amine Mixture 

Ko Yamaguchia, Daisuke Kawaguchia,b*, Noboru Miyatac, Tsukasa Miyazakic, Hiroyuki Aokid,e, Satoru 

Yamamotob, and Keiji Tanakaa,b* 

A better understanding of the chemical reaction between epoxy 

and amine compounds at a solid interface is crucial for the design 

and fabrication of materials with appropriate adhesive strength.  

Here, we examined the curing reaction kinetics of epoxy phenol 

novolac and 4,4'-diaminodiphenyl sulfone at the outermost 

interface using sum-frequency generation spectroscopy, X-ray and 

neutron reflectivity in conjunction with a full atomistic molecular 

dynamics simulation.  The reaction rate constant was much larger 

at the quartz interface than in the bulk.  While the apparent 

activation energy at the quartz interface obtained from an 

Arrhenius plot was almost identical to the bulk value, the frequency 

factor at the quartz interface was greater than that in the bulk.  

These results could be explained in terms of the densification and 

orientation of reactants at the interface, facilitating the encounter 

of the reactants present.  

Epoxy resins, which are obtained by curing reactions between 

an epoxy base and hardener compounds, are an important class 

of thermosetting polymers used in various applications such as 

structural materials, encapsulants, and adhesives1-4.  The 

mechanical properties of these resins strongly depend on the 

characteristics of the three-dimensional network structure, 

which are governed by how the chemical reaction proceeds 

within it5-8.  Thus, when considering epoxy resin adhesive 

applications, it should be better understood how the curing 

reactions proceed on the adherend surface as the first 

benchmark.  Reaction kinetics between epoxy and amine 

compounds near a solid surface have been hitherto studied 

using Fourier transform infrared spectroscopy (FT-IR)9-11.  FT-IR 

imaging has revealed that the reaction between bisphenol-A 

diglycidyl ether (DGEBA) and ethylenediamine (EDA) becomes 

slower in close proximity to the surface of silane-coated glass 

fibers9.  In an earlier study, we applied with an attenuated total 

reflection mode (ATR-FT-IR), in which the depth resolution is in 

several hundreds of nanometers, to study the reaction kinetics 

of a model system composed of phenyl glycidyl ether (PGE) and 

hexylamine (HA)10, and found that the curing reaction was 

slower at the interface than in the bulk.  The slower reaction 

kinetics could be explained in terms of the lesser mobility of 

reactants due to the presence of the interface.  On the other 

hand, another study found that the curing reaction between 

DGEBA and aniline was faster in nanoconfined anodic aluminum 

oxide (AAO) pores than in the bulk.11.  Although this initially 

appears to be inconsistent with the earlier examples, the 

interfacial effect could have been more greatly emphasized in 

the latter case.  

Sum-frequency generation (SFG) spectroscopy is a type of 

vibrational spectroscopy based on the second-order nonlinear 

optical effect12, 13.  Thus, SFG signals can be generated only from 

places where the centrosymmetry is broken, or more generally, 

the interfaces14-25.  This means that using SFG, the curing 

reaction between epoxy and amine compounds can be 

monitored at the interface with a depth region at the molecular 

level.  The objective of this study was to examine the kinetics of 

the curing reaction between epoxy phenol novolac (EPN) and 

4,4’-diaminodiphenyl sulfone (DDS) at a quartz interface using 

SFG spectroscopy in conjunction with a full atomistic molecular 

dynamics (MD) simulation.  The results obtained should help to 

provide a better understanding of the curing reaction of epoxy 

and amine, especially the kinetic gradient, if any, in close 

proximity to the adherent surface.  

Figure 1 shows chemical structures of EPN and DDS, which 

were kindly supplied by DIC Corporation, Japan, and purchased 

from Tokyo Chemical Industry Co. Japan, respectively.  The 

epoxy equivalent weight of EPN was 187 g•mol-1.  Quartz plates 
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and silicon wafers with a native oxide layer were used as 

substrates.  They were cleaned in a piranha solution at 373 K for 

2 h prior to use.  The thermal properties of EPN and DDS were 

examined by differential scanning calorimetry (DSC) with a 

heating rate of 10 K•min-1 using a DSC 6220 (Hitachi High-Tech 

Science Co., Tokyo, Japan).  The glass transition temperature 

(Tg) for EPN was 296 K, and the melting temperature (Tm) for 

DDS was 450 K.  The mass density of well-cured EPN/DDS was 

observed to be 1.28 g•cm-3 by gas pycnometer (ULTRAPYC 

1200e [Quantachrome Instruments Inc., Boynton Beach, FL, 

USA]) with a helium probe at 296 K.  EPN and DDS were 

stoichiometrically dissolved in tetrahydrofuran (THF), and the 

solution was then cast onto a quartz substrate with a 15 �m-

thick spacer.  To prepare a sandwiched film, another quartz 

substrate was placed on it and it was then dried under vacuum 

at 353 K for 12 h to remove the residual solvent.  
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Figure 1.  Chemical structure of (a) EPN and (b) DDS.  

The curing reaction in the bulk was examined by an FT/IR-

620 spectrometer (JASCO Corporation, Tokyo, Japan) with a 

triglycine sulfate (TGS) detector.  Spectra were collected at 

temperatures ranging from 373 to 403 K with a resolution of 4 

cmK& and 64 scans.  The corresponding interfacial reaction is 

discussed on the basis of SFG spectroscopy (EKSPLA, Vilnius, 

Lithuania).  A visible beam with a wavelength of 532 nm and a 

tunable IR beam were introduced to a specimen with an 

incident angle of 65° and 55° relative to the substrate normal, 

respectively.  The SFG measurements were carried out at the 

corresponding temperatures to those of FT-IR using the ssp 

(SFG/s; visible/s; and IR/p) polarization combination, meaning 

that the vibrational information along the direction normal to 

the interface was obtained.  For the kinetic analysis, the time-

dependent SFG measurement at a fixed wavenumber was 

conducted.  The intensity of SFG signal (ISFG) is proportional to 

the square of the effective sum-frequency susceptibility tensor 

of the interface (�(2)
eff), 

 (1)�SFG� |	(2)
eff |2

� �vis � �IR

where Ivis and IIR are the intensity of the incident visible and IR 

beams, respectively.  Note that the |�(2)
eff| is proportional to 

the number density of functional groups of interest.  The 

density profile of the EPN/DDS film along the normal direction 

was examined by X-ray reflectivity (XR) measurement using a 

SmartLab (Rigaku Corporation, Tokyo, Japan).  The light source 

and detector were CuK� (� = 0.154 nm) and a scintillation 

counter, respectively.  XR curves were analyzed using Motofit 

software26.  

An MD simulation of the epoxy and amine mixture at the 

quartz interface was also performed27.  A simulation system was 

considered in which an equivalent mixture of 400 EPNs and 800 

DDSs was sandwiched between two layers of quartz [100] 

terminated with OH groups via periodic boundary conditions.  

The thickness of the quartz substrate was 2.1 nm, and the whole 

model size was 8.5×8.4×15.8 nm3.  A 1 ns MD simulation was 

performed at 403 K to obtain a detailed molecular picture near 

the quartz interface.  The Forcite module of Materials Studio 

2021 (Dassault Systèmes) with the COMPASS III force field was 

used for the simulation.  

Panels (a) and (b) of Figure 2 show typical FT-IR and SFG 

spectra for EPN/DDS at 403 K as a function of curing time, 

corresponding to the bulk and interface, respectively.  For 

clarity, each spectrum has been vertically shifted.  In the region 

of 3,200 to 3,600 cm-1, peaks at 3,370 and 3,476 cm-1 were 

assignable to the symmetric and anti-symmetric stretching 

modes of amine groups (NH2s and NH2as)28.  Also, the stretching 

vibration mode of hydroxy groups (OHs) appeared in the range 

from 3,400 to 3,600 cm-1 as a broad peak.  The absorbance for 

NH2s and NH2as decreased with increasing time.  The SFG 

intensity for NH2s also decreased with increasing time.  

In the case of SFG spectroscopy, signals from functional 

groups of interest can be detected only when the functional 

groups are oriented at the interface.  Hence, the above-

mentioned decay of the SFG NH2s peak implies either a 

reduction of the interfacial orientation of NH2 groups or a 

decrease in the number of NH2 groups at the interface.  The 

former and latter correspond to the orientational relaxation by 

the thermal treatment and curing reaction with EPN, 

respectively.  To address which is more plausible, SFG 

measurement for a homo DDS film sandwiched with quartz 

substrates was conducted at 403 K as a function of time, as 

shown in Figure S1.  In contrast to EPN/DDS, the SFG intensity 

for NH2s remained almost constant with increasing time for the 

DDS film.  This confirms that the orientational relaxation of NH2 

groups at the interface should be minimal or non-existent under 

the current condition.  Thus, it seems reasonable to consider 

that the time decay of the SFG NH2s peak at 403 K, shown in 

Figure 2(b), reflects the progress in the reaction of DDS with 

EPN.  
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Figure 2.  (a) FT-IR and (b) SFG spectra for EPN/DDS cured at 403 K as a function 

of time.  

The reaction kinetics in the bulk and at the interface were 

analyzed.  Since the IR absorbance is simply proportional to the 

number density of functional groups in a film, as expressed by 

the Lambert-Beer law, a decrease in the absorbance reflects the 

consumption of amino groups.  On the other hand, as shown in 

eq. (1), a decrease in the square root of the ISFG ( ) reflects �SFG
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the consumption of amino groups at the interface.  Figure 3(a) 

shows the time dependence of NH2s absorbance by FT-IR (AIR, 

left-hand side of Y axis) and the square root of SFG signal 

intensity ( , right-hand side of Y axis) for EPN/DDS-2/1 at �SFG

403 K.  Here, the AIR and  were the peak-top values at 3,370 �SFG

cm-1, and  was acquired from the time-dependent �SFG

measurement mode at the wavenumber.  Filled triangles were 

imported from the SFG spectra shown in Figure 2(b).  Although 

both AIR and  decreased with time, these decreases were �SFG

clearly different from each other.  Assuming that the curing 

reaction between epoxy and amine at the initial stage is the 

first-order, AIR and  can be expressed as: �SFG

 (2)�IRor �SFG = a·exp(
��

� ) + b

where t and � are the curing time and time constant, 

respectively, and a and b are constants.  Solid curves denote the 

best-fits using eq. (2) and a = 0.16, b = 0.16 and � = 1.48 × 102 

min for the bulk, and a = 2.50 × 10K(, b = 8.13 × 10K( and � = 2.91 

× 101 min for the interface.  Since the � value was smaller at the 

interface than that in the bulk, it can be claimed that the 

reaction proceeded faster at the interface.  

(b)
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Figure 3.  (a) Time dependence of AIR and  for EPN/DDS at 403 K.  Filled �SFG

triangles correspond to SFG signals in Figure 2(b).  (b) Arrhenius plot of k for 

EPN/DDS in the bulk and at the outermost interface.  Solid lines denote the best-

fit using an Arrhenius equation.  

The apparent reaction rate constant (k) at the initial stage can 

be given by the reciprocal number of �.  Figure 3(b) shows the 

relationships between the reciprocal temperature and k.  The 

relationships both in the bulk and at the interface looked to be 

fitted by a straight line.  Thus, the following Arrhenius equation 

was applied to the data sets:

 (3)ln $=�
%a

&'
+ ln �

where Ea, R, T, and A are the activation energy, gas constant, 

absolute temperature, and frequency factor, respectively.  Solid 

lines denote the best-fits using eq. (3).  The Ea values obtained 

from the linear slopes in Figure 3 (b) for the bulk and interface 

were (56.1±1.2) and (60.2±3.9) kJ•mol-1, respectively.  Here, 

errors denote standard deviations for the fitting of the 

Arrhenius analysis.  This means that the energy barrier for the 

chemical reaction at the interface was almost identical to that 

in the bulk.  On the other hand, the A values obtained from the 

intercepts in Figure 3(b) for the bulk and interface were 

(2.08±0.10) × 103 and (3.22±0.75) × 104, respectively.  

Therefore, the interfacial value was 15.7 times greater than in 

the bulk.  

Even in a binary miscible mixture, a component is 

segregated at an interface to minimize the free energy29.  This 

is the case for systems composed of epoxy and amine mixtures.  

Although the segregation is controlled by the balance between 

enthalpic and entropic factors, in the case of the epoxy and 

amine mixture, the component with a smaller size is supposed 

to be generally segregated at the interface thanks to the gain in 

packing and/or translational entropy unless there is a clear 

difference in cohesive energy between the components30.  

Since a DDS molecule is smaller than an EPN molecule, it can be 

expected that DDS is preferentially segregated at the interface.  

The segregation effect of DDS on the reaction kinetics is 

discussed in the following.

If the local concentration of DDS is higher at the interface 

than in the bulk, the consumption rate of DDS itself is supposed 

to become faster.  However, the k value itself should remain 

unchanged as long as the Ea and A values are unchanged.  Panels 

(a) and (b) of Figure S2 show the Ea and A values obtained from 

an Arrhenius analysis of the EPN/DDS system with mixing ratios 

of 1:1 and 3:1.  It was clear that both values were independent 

of the mixing rate not only in the bulk but also at the interface.  

This result indicates that the interfacial segregation of DDS 

cannot be a dominant factor in the greater k value observed for 

the curing reaction at the interface.  

Other plausible explanations for the greater k value at the 

interface shown in Figure 3(b) are a more favorable orientation 

and/or densification of reactants there.  As seen in the 

phenomenon of interfacial freezing where a crystalline 

monolayer can survive even at a temperature above the bulk 

melting temperature by 2~3 K 31-33, organic molecules tend to 

be aligned at the interface with a better ordering than the bulk.  

Also, for polymer films, it has been reported that the mass 

density near the substrate interface could be higher than that 

in the internal region of the film34-40.  

To gain an insight into the molecular picture of the EPN/DDS 

system at the interface, an MD simulation was conducted.  

Figure 4(a) shows the depth profile of mass density for the 

mixture.  The mass density was approximately 1.5 times higher 

at the interface than in the internal region.  Figure 4(b) shows 

the relative number density of epoxy oxygen and amine 

nitrogen atoms as a function of the distance from the interface.  

Although they were approximately 2 and 1 in the interior 

region, respectively, as expected from the stoichiometric ratio, 

the magnitude relationship was reversed at the quartz 

interface, meaning that DDS was segregated at the quartz 

interface as previously mentioned.  In addition, amine 

molecules were oriented at the interface along the parallel 

direction.  Figure 4(c) shows the distribution of the order 

parameter (S) given by (1/2)·{3(n·az)
2-1}, where n is a unit vector 

parallel to a phenyl group of a DDS molecule shown in the inset, 

az is a unit vector normal to the solid surface.  Here, an S of 

approximately -0.5 indicates that phenyl groups of DDS are 

oriented along the direction parallel to the interface.  A peak 

observed near 0.3 nm from the interface was due to phenyl 

groups attached to DDS in the opposite direction to the phenyl 

groups oriented at the outermost interface.  It should be noted 

here that a DDS molecule is not planar in shape due to bonds 

from the central sulfur toward the apex direction of the 

tetrahedron.  Figure 4(d) shows a representative snapshot of 

DDS molecules present at the interface.  In most DDS molecules, 
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one phenyl group was attached with the plane to the substrate 

surface, i.e. oriented along the direction parallel to the 

substrate, and other groups were somehow oriented along the 

diagonal direction from the substrate surface.  
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Figure 4.  (a) Density profile of an EPN/DDS mixture along the direction normal to 

the substrate interface.  (b) Depth profiles of mass density for epoxy oxygen and 

amine nitrogen atoms.  (c) Depth dependence of S for an EPN/DDS mixture.  (d) 

Atomistic model of DDS molecules at the quartz interface.  White, gray, red, blue 

and yellow spheres denote hydrogen, carbon, oxygen, nitrogen and silicon atoms, 

respectively.  

To verify experimentally the interfacial densification, XR 

measurement was conducted.  An EPN/DDS thin film on a silicon 

substrate dried at 353 K for 12 h, which was the same condition 

as the sample for the SFG measurements before starting curing, 

was used.  Figure 5(a) shows an XR profile for the EPN/DDS film.  

Open symbols correspond to the experimental data.  Black and 

red curves denote calculated reflectivity obtained from one- 

and two-layer models expressed by black and red model density 

profiles shown in Figure 5(b).  The former and latter are models 

without/with the interfacial densification layer of 0.6 nm.  The 

two-layer model was basically created by averaging the density 

in the interface region as a result of the MD simulation shown 

in Fig. 4 (a).  The inset of Figure 5(b) shows the enlarged profile 

near the quartz interface.  The �2 values for the fitting analysis 

using the one- and two-layer models were 6.15 and 4.86, 

respectively.  This means that the two-layer model exhibited 

better reflectivity than the one-layer model.  Thus, it is most 

likely that the densification occurred at the solid interface.  
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Figure 5.  (a) An XR curve for a cured EPN/DDS film on a silicon substrate.  Symbols 

and solid curves denote, respectively, an experimental data set and calculated 

reflectivity based on model density profiles shown in (b).  

Previously, using ATR-FT-IR, we reported that the curing 

reaction for a model epoxy system was slower in the interfacial 

region than in the bulk because of the lesser mobility of 

reactants10.  The main difference between ATR-FT-IR and the 

current SFG analysis is the depth region where the information 

is collected.  This makes it clear that there is a conversion 

gradient in close proximity to the quartz interface along the 

normal direction.  To confirm this hypothesis, the EPN/DDS film 

on the quartz substrate was partially cured at 403 K for 30 min 

and then leached using THF.  XR and neutron reflectivity 

measurements detected an insoluble EPN/DDS layer with a 

thickness of ca. 5 nm on the substrate (not shown).  On the 

other hand, such a residual layer on the substrate was not 

discerned without the partial curing reaction.  Thus, it is 

conceivable that the curing reaction of epoxy slows down from 

the bulk region toward the adherent surface but speeds up at 

the outermost interface.  This can be explained in terms of the 

enhanced collision frequency of epoxy and amine groups due to 

interfacial densification and orientation.  A detailed and 

quantitative picture of the interfacial curing reactions is 

currently under consideration.  

Conclusions

The initial curing kinetics of EPN/DDS in the bulk and at the 

outermost quartz interface were examined by FT-IR and SFG 

spectroscopy, respectively.  The curing rate at the outermost 

interface was higher than that in the bulk at a given 

temperature.  Although there was no difference in the 

activation energy of the reaction between the bulk and 

interface, the frequency factor was greater at the interface than 

in the bulk.  MD simulation revealed that at the outermost 

quartz interface, amino groups were well oriented and the mass 

density increased in comparison with the bulk.  Thus, the faster 

reaction at the outermost inter-face can be explained in terms 

of the densification and orientation of reactive functional 

groups.  These findings will be helpful for a better 

understanding and design of nanocomposites and adhesives 

using thermosetting polymers.  
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