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a b s t r a c t

The cross-link inhomogeneity of phenolic resins at the initial stage of curing in a temperature range of
110e130 �C was investigated through structural analysis of the network structure evolution mechanism
using 1H-pulse nuclear magnetic resonance spectroscopy and complementary small- and wide-angle X-
ray and neutron scattering methods. Two types of phenolic resins, PR06 and PR12, were prepared with
stoichiometrically insufficient and sufficient amounts of cross-linker, respectively, via curing of a
novolac-type phenolic resin oligomer with hexamethylenetetramine as the curing agent. Their network
structures comprised three different structural domains because of the cross-link inhomogeneity: the
high-cross-link-density domain (HXD), the low-cross-link-density domain (LXD), and the interface re-
gion between these domains. Percolation of the HXD occurred at the beginning of the curing. Intra-
domain reactions inside both HXD and LXD proceeded as the dominant reactions accompanying minor
interdomain reactions between the HXDs, resulting in no significant change in the spatial location and
size of the HXDs and LXDs. Intradomain reactions inside the LXD involved reactions with dangling
chains, which would not affect the average mesh size of the domain significantly. These behaviors of the
network structure evolution mechanism at the initial stage of the curing are a general feature of phenolic
resins that does not depend on the amount of cross-linker. The difference between the amount of the
cross-linker present in PR06 and PR12 was manifested as a difference in the degree of cross-linking in the
percolated HXDs, i.e., the HXD of PR12 exhibited a tightly cross-linked, well-developed network structure
since the beginning of the curing process; however, that of PR06 exhibited a loosely cross-linked network
structure, with the degree of cross-linking increasing as the curing proceeded.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Phenolic resins were the first example of artificial plastics based
on a synthetic polymer and were invented by Baekeland in 1907.
Because of their excellent mechanical and electrical properties as
well as their heat and solvent resistance, they have been employed
as insoluble and infusible thermosetting resins in electronics, the
automotive industry, housing, and other general industries, and the
application has now extended to the space industry [1,2]. These
crucial properties are provided by a three-dimensional cross-linked
i), sibayama@issp.u-tokyo.ac.
network structure that comprises phenols and methylenes as
represented in a two-dimensional manner in Fig. 1. This structure is
typically obtained by the curing of a novolac-type phenolic resin
oligomer with hexamethylenetetramine (HMTA) as a curing agent,
wherein HMTA decomposes to methylene cross-linkers with
emitting ammonia gas [1].

It is believed that fully cured phenolic resins inevitably exhibit
cross-link inhomogeneity in their network structure and this in-
homogeneity strongly influences their abovementioned desirable
properties; however, details of the cross-link inhomogeneity have
not yet been fully elucidated owing to the difficulty in structural
analysis of fully cured resins, which arises from their insolubility,
infusibility, and non-crystallinity. Thus, elucidation of the cross-link
inhomogeneity to characterize their structureeproperty relations
has been a major challenge for the structural analysis of phenolic
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Fig. 1. Chemical structure of a cross-linked phenolic resin.
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and other thermosetting resins for over a century [3e11].
This study focuses on understanding the inhomogeneity of

phenolic resins using nuclear magnetic resonance (NMR) spec-
troscopy and light, X-ray, and neutron scattering analyses of (I) the
oligomerization process at the pre-gelation stage [12], (II) the
gelation process near the gel point [13,14], and (III) the fully cured
stage [15,16]. The gel point is defined as the point at which an
insoluble fraction in a suitable solvent is first detected. During the
pre-gelation stage (I), the polymers exhibit a self-similar structure
with respect to molecular weight distribution, which is irrespective
of polycondensation conditions of phenol and formaldehyde, and
no indication of inhomogeneity is observed. Conversely, the in-
homogeneity appears near the gel point (II) because of gelation
mechanisms that depend on the amount of cross-linker, which was
characterized by precise analysis of the phenoleformaldehyde
polycondensation system under a constant reaction temperature of
100 �C. For a stoichiometrically insufficient amount of cross-linker,
inhomogeneous domains with a loosely cross-linked network
appear at the gel point, and the intradomain reactions become
dominant with an increase in the degree of cross-linking in the
domain, whereas for a stoichiometrically sufficient amount of
cross-linker, inhomogeneous domains with a tightly cross-linked
network appear at the gel point and the interdomain reactions
between the inhomogeneous domains become dominant with an
increase in the size of the domain. However, the cross-link in-
homogeneity observed in the gelation process near the gel point
has not been observed in the fully cured stage (III) for the phenolic
resins cured at 175 �Cwith different amounts of HMTA as the curing
agent. Therefore, we have concluded that the elucidation of the
network structure evolution mechanism in the post-gelation stage
between stages (II) and (III), i.e., at the initial stage of the curing
process beyond the gel point, is also important for elucidating the
inhomogeneity in fully cured phenolic resins.

In our previous study, we demonstrated that 1H-pulse NMR
spectroscopy and small- andwide-angle X-ray scattering (SAXS and
WAXS, respectively) in conjunction with a solvent-swelling tech-
nique are promising methods for elucidating the cross-link in-
homogeneity in phenolic resins during the gelation process near
the gel point when their network structures are not developed
properly [14]. 1H-pulse NMR spectroscopy can provide information
about the dynamics of the molecular mobility of polymer segments
in the network structure [17e20]. These dynamics are related to the
nuclear spinespin relaxation behavior, also referred to as trans-
verse relaxation decay, of the attached protons on applying a spe-
cific external magnetic field. Using this technique, the relaxation
behavior can be studied as a change in macroscopic magnetization
of the protons, where a lower molecular mobility corresponds to a
shorter the relaxation time and vice versa. In cross-linked poly-
mers, the molecular mobility of the polymer segments strongly
depends on their local cross-link density, i.e., the mobility of the
polymer segments in a high-cross-link-density domain (HXD) with
a small mesh size is lower than that in a low-cross-link-density
domain (LXD) with a large mesh size [21]. X-ray and neutron
scattering have also proven to be powerful techniques for eluci-
dating the cross-link inhomogeneity of polymer gel networks
[22e26]. These scattering techniques reveal nanometer-scale
structural details of a material by exploiting scattering length
density fluctuations of electron and atomic nuclei therein, which
scatter X-rays and neutrons, respectively. The use of both these
scattering techniques can provide complementary information
about a material because of the differences in the scattering phe-
nomena. In most studies of polymer gels, the NMR and scattering
methods use the swelling features of the gel because swelling en-
hances the local fluctuations in the cross-link density, resulting in
large contrasts in the dynamics and scattering length density; that
is, the solvent-swollen polymer gels are more informative than
those in the bulk state for NMR and scattering analyses of the cross-
link inhomogeneity.

The present study focuses on further elucidation of the cross-
link inhomogeneity in phenolic resins at the initial stage of curing
process beyond the gel point by investigating the network structure
evolution mechanism in a temperature range of 110e130 �C
through structural analysis of the HMTA-curing system using 1H-
pulse NMR spectroscopy, SAXS/WAXS, and small- and wide-angle
neutron scattering (SANS and WANS, respectively) in conjunction
with the solvent-swelling technique.

2. Experimental

2.1. Materials

A novolac-type phenolic resin oligomer (NV) with polystyrene-
based weight- and number-average molecular weights of 3400 and
870 g mol�1, respectively, was provided by Sumitomo Bakelite Co.,
Ltd. (Japan). HMTAwas purchased from Chang Chun Petrochemical
Co., Ltd. (Taiwan). Methanol (MeOH) and methanol-d4 (MeOH-d4)
with a 99.8% degree of deuteration were purchased from Wako
Pure Chemical Industries, Ltd. (Japan). All materials were used
without further purification.

Curing reactions of NV with HMTA were performed using NV/
HMTA weight ratios of 1/0.06 (PR06) and 1/0.12 (PR12), repre-
senting curing systems with stoichiometrically insufficient and
sufficient amounts of cross-linker, respectively. It should be noted
that the equivalent stoichiometric ratio in this curing system is 1/
0.138 (wt/wt) based on the number-average molecular weight of
NV, assuming NV to be a linear polymer with no branching struc-
ture. A mixture of NV/HMTA (50 g) was heated to melting at 100 �C
under a pressure of 45 kPa for 5 h in a disk-shaped mold, then the
resulting disk-shaped resin was milled and powdered at room
temperature. Fig. 2 shows a differential scanning calorimetry (DSC)
thermogram of the powdered PR12 that was recorded on a DSC-
6220 (Seiko Instruments Inc., Japan) at a heating rate of 5 �C
min�1. The DSC result shows that the mixture has one broad
exothermic region owing to cross-linking reactions, for which the



Fig. 2. DSC thermogram of PR12 prepared at 100 �C.
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onset temperature is 110 �C and the peak is at 136 �C. Based on the
DSC result, curing reactions of PR06 and PR12 were performed in
the range 110e130 �C to investigate behavior at the initial stage of
the curing process. The procedure for the curing reaction was as
follows. The powdered sample was heated at 110 �C under 45 kPa
for 5 h in the mold. The resulted resin was milled and powdered. A
5-g sample was then collected for analysis, and the rest of the
powder was subjected to further curing. This heating-and-milling
procedure was repeated stepwise in þ5 �C increments to pro-
mote further reaction until 130 �C. Here the reaction time of 5 hwas
chosen to complete the reaction at the respective temperature
under molding pressure.

A 2-g sample of the powder obtained at each temperature was
stirred in a large amount of MeOH to extract the MeOH-soluble
components, followed by centrifugation and collection of the
MeOH-insoluble gels. This procedurewas repeated three times, and
the MeOH-insoluble gels were obtained in a fully MeOH-swollen
state. It should be noted that there are many good solvents for
phenolic resins such as tetrahydrofuran, MeOH, and acetone;
however, methanol was chosen in this study because of the better
solubility of HMTA.
2.2. Gel fraction

The gel fractionwas calculated as the weight ratio of the MeOH-
insoluble component of the 2-g powder sample, which was esti-
mated from the weight of the MeOH-soluble component obtained
by drying the combined extracts in vacuum.
2.3. Degree of swelling of the gel

Degree of swelling of the MeOH-insoluble gel (Dswell) was
calculated as the volume ratio VV0

�1, where V and V0 denote the
sample volumes before and after drying the fully MeOH-swollen
gel, respectively. The sample volumes were estimated from their
weights and densities, in which the densities of the MeOH and the
phenolic resins were approximated to be 0.79 and 1.25 g mol�1,
respectively. The value of Dswell was obtained as the average of
three measurements.
2.4. 1H-pulse NMR spectroscopy

The 1H-pulse NMR experiments were performed using an
MQC23 benchtop NMR analyzer (Oxford Instruments plc, United
Kingdom) with a 10-mm-diameter probe operated at 23 MHz. The
MeOH-d4-swollen phenolic resins were used as specimens to
observe only the NMR signals of protons in the phenolic resins.
Glass NMR tubes with a diameter of 10 mm and a wall thickness of
0.6 mm (JEOL RESONANCE Inc., Japan) were used for the sample
cells. The spinespin relaxation decay was recorded at 40 �C using
CarrePurcelleMeiboomeGill pulse sequences. The pulse width,
pulse interval (t), number of (180� � 2t)-loops, relaxation delay
between subsequent scans, and number of scans were set to 2.0 ms,
50 ms, 4096, 10 s, and 128, respectively.

2.5. SAXS and WAXS

SAXS measurements over a q range of 0.02e7 nm�1 were per-
formed on a BL03XU beamline, which is known as the Frontier
Softmaterial Beamline (FSBL), at SPring-8, Hyogo, Japan [27,28].
Here, q denotes the magnitude of the scattering vector given by q¼
(4p l�1) sin (2q/2), where l and 2q denote the wavelength of the
incident beam and the scattering angle, respectively. The mea-
surements were performed at a sample-to-detector distance (SDD)
of 3.4 m with a l of 0.15 nm under vacuum using a windowless
SAXS setup, and at an SDD of 1.2 m with a l of 0.10 nm in air. The
windowless SAXS setup was applied to achieve a higher signal-to-
background scattering ratio by reducing background air scattering.
The scattered X-rays were counted by an R-AXIS VII imaging plate
detector system (Rigaku Corporation, Japan) with a 3000 � 3000
pixel array and a pixel size of 0.1 mm pixel�1. WAXS measurements
over a q range of 5.0e20 nm�1 were performed on a NANO-Viewer
(Rigaku Corporation, Japan) using an X-ray beam with a l of
0.154 nm from a CuKa spectral line excited at 40 kV and 30 mA. The
scattered X-rays were counted by a Pilatus 100K detector system
(DECTRIS Ltd., Switzerland) with a 487� 195 pixel array and a pixel
size of 0.172 mm pixel�1 at an SDD of 76 mm. Quartz glass capil-
laries Mark-Tube (Hilgenburg GmbH, Germany) with a diameter of
2 mm and a wall thickness of 0.01 mm were used as sample cells.
The open top of the glass capillary was sealed using the silylated
polyurethane adhesive (Konishi Co., Ltd., Japan) in order to place
the MeOH-containing capillaries in the vacuum chamber. After
correction for dark noise from the R-AXIS detector and defective
pixels of the Pilatus detector, the transmittance, and background
scattering, the scattering intensity was normalized to an absolute
intensity scale with units of cm�1 using a 1-mm-thick glassy carbon
plate (glassy carbon Type 2, Alfa Aesar, USA) as a secondary stan-
dard to combine the SAXS and WAXS data. The absolute scattering
intensity function of the glassy carbon plate was determined using
a previously calibrated glassy carbon plate [29].

2.6. SANS and WANS

SANS and WANS measurements over a q range of
0.08e170 nm�1 were performed on the BL15 beamline, which is
known as “TAIKAN,” installed in the Materials and Life Science
Experimental Facility (MLF) of J-PARC, Tokai, Ibaraki, Japan. The
MeOH-d4-swollen phenolic resins were used instead of the MeOH-
swollen phenolic resins to increase the coherent neutron scattering
contrast between the phenolic resins and the solvent, and to reduce
neutron incoherent scattering background noise from the solvent,
which result from large differences in the coherent neutron scat-
tering length and the incoherent neutron scattering cross section
between 1H and 2H, respectively [30]. Sealable 2-mm-thick rect-
angular quartz cells (MITORIKA Co., Ltd. (formerly Mitorika Glass
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Co., Ltd.), Japan) with a width and height of 22 and 45 mm,
respectively, and a glass thickness of 1.0 mm were used as sample
cells. A 10-mm4 neutron beam with a l of 0.05e0.78 nmwas used
for measurement, and scattered neutrons were counted by a time-
of-flight method using 3He-position sensitive detectors mounted at
four detector banks, i.e., small-, middle-, and high-angle banks, and
a backward bank. The obtained two-dimensional scattering data
were converted to one-dimensional data using a beamline specific
data reduction program, in which the scattering data with a l of
0.07e0.76 nm was used for the data reduction. The one-
dimensional data obtained have a very wide q range of
0.08e170 nm�1; however, the scattering datawith q > 30 nm�1 was
not used for further investigation in this study because an addi-
tional correction for inelastic neutron scattering is required for data
in that range. The details of the instrument, data acquisition, and
data reduction procedures are described in the literature [31].
Fig. 4. Change in the degree of gel swelling in MeOH: circles, PR06; and triangles,
PR12.
3. Results and discussion

3.1. Gel fraction and degree of swelling

To understand the network structure evolution mechanism at
the initial stage of the curing process from the macroscopic view-
point, the MeOH-insoluble gel fraction in the cured phenolic resins
and its degree of swelling in MeOH were first investigated. Fig. 3
shows the change in the gel fraction as a function of curing tem-
perature. The gel fractions of PR06 and PR12 exceed 0.6 and 0.7,
respectively, at 110 �C, and show a slight increase with curing
temperature, which clearly indicates that the phenolic resins are
well beyond the gel point. The progress of the cross-linking reac-
tion beyond the gel point at 110 �C seems to be in contradiction to
the DSC result shown in Fig. 2; however, this could be explained by
the effect of themolding pressure, which accelerates the reaction in
the mold.

Fig. 4 shows the change in Dswell as a function of curing tem-
perature, which was calculated as a ratio of the volume change. The
value Dswell for PR06 gradually decreases from4.2 to 2.8 with curing
temperature, whereas that for PR12 remains approximately con-
stant at ca. 2.0. The values 4.2e2.8 and 2.0 correspond to swelling
ratios of the length change of 1.6e1.4 and 1.3 assuming isotropic
swelling. A decrease in Dswell can be generally explained by a
Fig. 3. Change in the MeOH-insoluble gel fraction: circles, PR06; and triangles, PR12.
decrease in the average mesh size of the cross-linked network
structure owing to an increase in the degree of cross-linking [32];
however, another mechanism should be considered for PR12,
which exhibits a constant Dswell. A possible network structure
evolution mechanism that results in the behavior of PR12 is that
there are high- and low-cross-link-density domains (HXDs and
LXDs, respectively) owing to the cross-link inhomogeneity and
percolation of the HXD occurs at 110 �C. The percolated domains
dominate the degree of swelling of the gel, in which the degree of
swelling of the domain is 2.0. Consistent with this conjecture, PR06
may also exhibit percolation of the HXD that dominates the degree
of swelling of the gel. In this case, the decrease in Dswell could be
explained by assuming that the degree of cross-linking in the HXD
of PR06 is lower than that in PR12, and the degree of cross-linking
gradually increases with curing; that is, the well-developed, tightly
cross-linked network structure results in a constant value for Dswell
irrespective of the curing temperature, whereas the degree of
cross-linking in the loosely cross-linked network structure in-
creases via intradomain reactions accompanying a decrease in
Dswell with the curing temperature. Here, the presence of tightly
and loosely cross-linked network structures in the HXD could be
explained by different gelation mechanisms near the gel point,
which depend on the stoichiometric amount of cross-linker [14]. To
investigate the mechanisms of the network structure evolution of
PR06 and PR12 more precisely, a 1H-pulse NMR analysis and
complementary X-ray and neutron scattering analyses have been
performed in the following subsections.
3.2. 1H-pulse NMR

The nuclear spinespin relaxation time function of protons is
generally described by

MðtÞ=Mð0Þ ¼ exp
�� ð1=aÞ$ðt=T2Þa

�
; (1)

where t, M(t)/M(0), a, and T2 denote the decay time, normalized
magnetization intensity at t, exponent of the decay function, and
time constant representing the nuclear spinespin relaxation of
protons, respectively [17e19]. The value a ranges from 1 for an
exponential-type slow decay to 2 for a Gaussian-type fast decay.



A. Izumi et al. / Polymer 103 (2016) 152e162156
When the molecular mobility of the polymer segments is less
constrained, such as in the rubbery and solution states, the relax-
ation function typically follows exponential-type slow decay.
Conversely, when the mobility is highly constrained, such as in the
glassy and crystalline states, the function typically follows
Gaussian-type fast decay. Our previous study demonstrated that
the molecular mobility of solvent-swollen phenolic resins having
cross-link inhomogeneity can be classified into three relaxation
modes with the value a of 1, and the spinespin relaxation function
can be expressed with a triple-exponential function given by

MðtÞ=Mð0Þ ¼ f1 exp
�� t

�
T2;1

�þ f2 exp
�� t

�
T2;2

�þ f3 exp
�

� t
�
T2;3

�
;

(2)

where 4i and T2,i with i ¼ 1, 2, and 3 denote the molar fraction of
protons and time constant T2 in the polymer segments of the i-th
relaxation mode, respectively, inwhich the functionwas derived by
a distribution analysis of T2. Here, 41 þ 42 þ 43 ¼ 1 and
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Fig. 5. Proton nuclear spinespin relaxation decay in MeOH-d4: (a) PR06 and (b) PR12.
T2,1 < T2,2 < T2,3. The first relaxation mode results from the spine-
spin relaxations of protons in polymer segments in the HXD where
molecular mobility is highly constrained by the cross-links. The
third relaxation mode results from the relaxations in the LXD
where molecular mobility is less constrained. The second relaxa-
tion mode results from the relaxation at the interface region be-
tween the HXD and LXD [14].

Fig. 5 shows the spinespin relaxation decay of PR06 and PR12 in
the fully-MeOH-d4 swollen state, in which solid lines are the fitting
curves using Equation (2). The decay occurs faster with increased
curing temperature, which clearly suggests a decrease in the
average mesh size of the cross-linked network structure owing to
the progress of curing.

Fig. 6a shows the fitting parameters T2,1, T2,2, and T2,3 as a
function of curing temperature with a logarithmic scale on the
vertical axis, and Fig. 6b shows a re-plot of T2,3 with a linear scale on
the vertical axis. All the spinespin relaxation decays shown in Fig. 5
clearly exhibit three different relaxationmodes with time constants
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Fig. 6. (a) Change in T2,n (n ¼ 1, 2, and 3) and (b) T2,3 as a function of curing tem-
perature: circles, PR06; and triangles, PR12. (b) Re-plot of T2,3 as a function of curing
temperature in a linear scale on the vertical axis.
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in the orders of magnitude of 100, 101, and 102e103 ms, which are
associated with the first, second, and third relaxation modes,
respectively. As seen in Fig. 6a, PR06 and PR12 exhibit almost the
same values of T2,1 and T2,2, which suggests that they have essen-
tially the same mesh size in the HXD and the interface region. This
seems to contradict the conjecture in the previous subsection that
the degree of cross-linking in the HXD of PR06 is lower than that of
PR12; however, the mesh size may be too small to affect the dy-
namics of the polymer segment in the domain under the NMR
measurement conditions of this study. Further analysis focusing on
the faster relaxation decaywould providemore precise information
for the HXDs. As seen in Fig. 6b, the larger T2,3 value for PR06 than
that for PR12 indicates that the network structure of the LXD of
PR06 has a larger average mesh size than that of PR12, which re-
sults from the difference in the amount of cross-linker. The figure
also shows that T2,3 of PR06 and PR12 exhibits a steep decrease at
the beginning of curing, which results from a decrease in the
Fig. 7. (a) Changes in 41, 42, and 43 as a function of the curing temperature: squares,
41; right-pointing triangles, 42; diamonds, 43; filled symbols, PR06; and open symbols,
PR12. (b) Change in 41þ2 as a function of curing temperature: circles, PR06; and tri-
angles, PR12.
average molecular mobility of the polymer segments in the LXD.
Fig. 7a shows the change in the values 41, 42, and 43 as a function

of the curing temperature. There is an insignificant change in each
4i value for PR06 and PR12 over the temperature range of
115e130 �C, with the exception of a slight change at the beginning
of the curing reaction from 110 to 115 �C. The smaller 42 value of
0.1e0.2 indicates that the structure defined as the interface region
is a minor fraction in the network structure. Here, we introduce the
parameter 41þ2, which is the sum of 41 and 42, to simplify the
structural model into two structures with a smaller T2 of
100e101 ms and a larger T2 of 102e103 ms because, although the
interface region is necessary to explain the observed relaxation
decay in the swollen state, the definition of the interface structure
is ambiguous at present. The value 41þ2 represents the molar
fraction of protons in the polymer segments whose molecular
mobility is suppressed by the cross-links in the swollen state;
therefore, this value could be related to the volume fraction of the
HXDs in the dry state. The change in the value of 41þ2 as a function
of the curing temperature is shown in Fig. 7b. The value 41þ2 for
PR12 is larger than that for PR06 with an exception at 110 �C, which
indicates that the dry-state volume fraction of the HXD in PR12 is
larger than that in PR06, which would result from a stoichiomet-
rically larger amount of cross-linker. Fig. 7b also shows that there is
a slight but insignificant change in both the 41þ2 values for PR06
and PR12 over the temperature range of 115e130 �C. Here, the
slight increase in 41þ2 indicates a slight increase in the size of the
HXD in the dry state, while the absence of any significant change in
41þ2 indicates that the spatial location and size of the HXD in the
dry state are determined at the beginning of the curing process and
are essentially unchanged during the investigated temperature
range. This conjecture could be explained by intradomain reactions
being dominant in the initial curing process compared with inter-
domain reactions. It should be noted that the nature of the intra-
domain and interdomain reactions plays an important role in the
growth of network structures of phenolic resins with cross-link
inhomogeneity [14]. When the interdomain reaction between the
HXD and LXD proceeds via the interface region, some part of the
LXD is incorporated into the HXD accompanying an increase and a
decrease in the number of protons in the HXD and LXD, respec-
tively; hence, the interdomain reaction results in a distinct increase
in the value 41þ2. Conversely, the intradomain reaction in each
Fig. 8. Combined SAXS and WAXS curve for PR06 cured at 120 �C. Solid lines are fitting
curves of Equation (4) and the five terms comprising the equation.
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domain is a reaction between unreacted sites inside the domain,
which leads to no significant structural change of the domain. Thus,
the intradomain reaction results in no significant change in the
time constant T2, number of protons, spatial location, and volume of
the domain. This accounts for the absence of significant change in
the values of 41þ2 for PR06 and PR12 during the curing.
3.3. SAXS/WAXS

According to previous SAXS and SANS studies, small-angle
scatterings from polymer gels can be explained by considering
the solid-like cross-link inhomogeneity and the liquid-like con-
centration fluctuation of polymer chains [23e26,30]. The scattering
functions of the inhomogeneity and the concentration fluctuation
are generally represented by the squared-Lorentzian equation [33]
(ISL(q)) and the OrnsteineZernike equation [34] (IOZ(q)), respec-
tively, and their combined scattering function has long been used to
Fig. 9. Change in SAXS and WAXS curves as a function of curing temperature: (a) PR06
and PR12 in MeOH. Solid lines are fitting curves using Equation (4). The curves are
arbitrarily vertically shifted to improve visibility.
represent the structure of gels having cross-link inhomogeneity,
which is given by

IðqÞ ¼ ISLð0Þ�
1þ X2q2

�2 þ IOZð0Þ
1þ x2q2

; (3)

where I(q), X, and x denote the scattering intensity at q, and cor-
relation lengths representing the characteristic size of in-
homogeneity and that of the concentration fluctuation,
respectively. Our previous studies demonstrated that this com-
bined function is also applicable to phenolic resins when they are in
the solvent swollen state [13,14]. For fully swollen phenolic resins,
X is related to the characteristic size of the inhomogeneity associ-
atedwith the average sizes of the HXDs and LXDs, and x is related to
the average mesh size of the LXD that behaves like a polymer chain
in semidilute regime. It should be noted that this structural infor-
mation for solvent swollen phenolic resins could be obtained in a
small-angle scattering region with a q range of 10�2e100 nm�1;
however, a combination of SAXS and WAXS experiments over an
extended q range of 10�2e101 nm�1 allows more precise analysis
because the effect of X-ray scattering owing to the concentration
fluctuation typically reaches a wide-angle scattering region of
q > 100 nm�1 [13,14].

Fig. 8 shows the combined SAXS andWAXS curve for PR06 cured
at 120 �C for 5 h, in which the curve was obtained in the fully
MeOH-swollen state, and also includes solvent scattering. For curve
fitting analysis over the wide q range of 0.03e20 nm�1, three
additional correction terms for Equation (3) were adopted; (i)
surface scattering from MeOH-swollen gel particles with sizes
larger than the micrometer scale or, more precisely, with sizes that
can be observed below the experimental lower q limit, (ii) scat-
tering from short-range electron density fluctuation of phenolic
resins in the order of magnitude of 10�1 nm, and (iii) solvent
scattering. The contribution of the terms (i) and (ii)e(iii) can be
observed as scattering intensity upturns in the SAXS region of
q < 0.07 nm�1 and in the WAXS region of q > 6 nm�1, respectively.
Thus, the theoretical scattering function of Equation (3) is revised to
Fig. 10. Change in the fitting parameters of X-ray scattering curves as a function of
curing temperature: circles, PR06; and triangles, PR12.
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IðqÞ ¼ A$q�4 þ ISLð0Þ�
1þ X2q2

�2 þ IOZð0Þ
1þ x2q2

þ B$exp

 
� ðq� q0Þ2

2w2

!

þ C$IMeOHðqÞ;
(4)

where A, B, and C represent scaling factors, q0 and w denote peak
position and width of a Gaussian function, respectively, and
IMeOH(q) denotes the experimentally determined scattering func-
tion of MeOH. The first, fourth, and fifth terms on the right side of
the equation correspond to the terms (i), (ii), and (iii), respectively,
and the first term is known as Porod's law for flat-and-smooth
surfaces [30]. The fitting curve using Equation (4) is shown in
Fig. 8 by a solid line, and each of the five terms on the right of the
equation is also represented in order to clarify their individual
Fig. 11. Change in SANS and WANS curves as a function of curing temperature: (a)
PR06 and PR12 in MeOH-d4. Solid lines are fitting curves using Equation (5). The curves
are arbitrarily vertically shifted to improve visibility.
contribution to the scattering intensity. The results clearly show
that Equation (4) accurately reproduces the observed X-ray scat-
tering curve for the MeOH-swollen PR06 over the wide q range of
0.03e20 nm�1.

Fig. 9a and b shows changes in the X-ray scattering curves for
PR06 and PR12, respectively, in the fully-MeOH swollen state as a
function of curing temperature. Solid lines are the fitting curves
using Equation (4), which indicates the curve fitting is successful
for all scattering data. Fig. 10 shows the change in the fitting pa-
rameters X and x as a function of curing temperature. The results
clearly show that both PR06 and PR12 exhibit almost the same
values of X and x at the respective temperature and curing proceeds
with a decrease in Xwhile x remains constant, which indicates that
the behavior of the network structure evolutionwith the cross-link
inhomogeneity is essentially the same irrespective of the NV/
HMTA-ratio.

The value of x being independent of the curing temperature
indicates that the average mesh size of the LXD can be determined
at the beginning of the curing, and remains unchanged during the
initial curing process. The behavior of the values T2,3 and x indicates
that molecular mobility of the polymer segments in the LXD de-
creases without affecting the mesh size of the domain with
increased curing temperature. This can be explained by considering
that T2,3 could be more significantly affected by polymer segments
with very high molecular mobility, such as dangling chains in the
domain; i.e., the steep decrease in T2,3 as seen in Fig. 6b could result
from intradomain reactions involving the dangling chains with
very high molecular mobility, which would not significantly affect
the average mesh size of the domain.

The decrease in X with the curing process could be related to a
decrease in the size of the LXD, because the progress of the gelation
well beyond the gel point suggests that the HXD is dominant and
the volume of the domain is sufficiently large. This conjecture and
the behavior of 41þ2 indicate the presence of interdomain reactions
between the HXDs. The reaction results in a slight but insignificant
change in the number of protons both in the HXDs and LXDs;
however, the reaction could result in a significant decrease in the
size of the LXD in the solvent swollen state.
Fig. 12. Change in the fitting parameters of neutron scattering curves as a function of
curing temperature: circles, PR06; and triangles, PR12.
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3.4. SANS/WANS

To verify the results obtained using the X-ray scattering tech-
nique, complementary structural analysis was performedwith fully
MeOH-d4-swollen phenolic resins using a combination of SANS and
WANS measurements. The SANS and WANS results are shown in
Fig. 11. The observed neutron scattering results from the same
structural features of the solvent-swollen phenolic resins as
observed by the X-ray scattering technique; therefore, the
following theoretical scattering function based on Equation (4) was
applied in the curve fitting analyses of the neutron scattering data
over the wide q range of 0.08e30 nm�1:

INðqÞ ¼ AN$q
�4 þ ISL;Nð0Þ�

1þ X2
Nq2

�2 þ IOZ;Nð0Þ
1þ x2Nq2

þ BN$exp

0
B@�

�
q� q0;N

�2
2w2

N

1
CAþ CN$IMeOH�d4

ðqÞ þ Iincoh;

(5)

where the definitions of the variables are the same as for Equation
(4) (the subscript “N” is added to distinguish them from those in
Equation (4)), and Iincoh denotes incoherent neutron scattering
background, which was approximated to be constant in the
investigated q range. The fitting curves are shown by solid lines in
Fig. 11, in which the cures accurately reflect the observed neutron
Fig. 13. Scheme of the network structure evolution mechanism representing the interd
homogeneity of phenolic resins during the initial stage of the curing: (a) cured with a stoic
with a stoichiometrically sufficient amount of cross-linker, as in the case of PR12. The filled
link density, the interface, and the low-cross-link density regions, respectively, in the swollen
mobility.
scattering curve. Fig. 12 shows changes in the obtained fitting pa-
rameters XN and xN as a function of curing temperature, which
clearly supports the X-ray scattering results shown in Fig. 10.
3.5. Network structure evolution

Fig. 13 shows a schematic representation of the network struc-
ture evolution mechanism of phenolic resins, highlighting the
interdependence of the stoichiometric amount of cross-linker and
inhomogeneity in the initial stage of the curing. In the figure, the
filled circles, thick circular outlines, and the spaces between them
represent the HXD, the interface region, and the LXD, respectively,
whose time constants are T2,1, T2,2, and T2,3, respectively. Lines
unconnected at one end represent dangling chains with a higher
molecular mobility. The average distance between domain
boundaries, which represents the characteristic size or degree of
inhomogeneity, and the average mesh size of the LXD correspond
to the correlation lengths X and x, respectively.

The percolation of the HXDs occurs at 110 �C for both PR06 and
PR12, in which the degree of cross-linking of the percolated do-
mains dominates the degree of swelling of the gel. The HXD of PR12
has a tightly cross-linked, well-developed network structure from
the beginning of the curing process, which results in a constant
value of Dswell irrespective of the curing temperature. Conversely,
PR06 has a more loosely cross-linked network structure compared
with PR12, in which the degree of cross-linking in the domain in-
creases via intradomain reactions accompanying a decrease in
Dswell as curing progresses. The spatial location and size of the
ependence of the stoichiometric amount of cross-linker and the growth of the in-
hiometrically insufficient amount of cross-linker, as in the case of PR06, and (b) cured
circles, thick circular outlines, and the spaces between them represent the high-cross-
state. Lines unconnected at one end represent dangling chains with a higher molecular
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percolated domains in the dry state does not change significantly
during the initial curing process because of the intradomain re-
actions being dominant for both HXDs and LXDs, which results in a
slight but insignificant increase both in the 41þ2 values of PR06 and
PR12 over the investigated temperature range. Conversely, the
minor interdomain reaction at the interface between the HXDs
results in a significant decrease in the size of the LXDs in the solvent
swollen state, which results in the behavior of 41þ2 along with a
decrease in X. The intradomain reactions in the LXDs of PR06 and
PR12 involved reactions with dangling chains with a very high
molecular mobility, which does not affect the value of x signifi-
cantly, but results in a steep decrease in T2,3 at the beginning of the
curing process owing to a decrease in the molecular mobility of the
high mobility segments in the domain.

4. Conclusion

The cross-link inhomogeneity of phenolic resins at the initial
stage of the curing process, well beyond the gel point, in a tem-
perature range of 110e130 �C was successfully elucidated through
structural analyses of the network structure evolution mechanism
using 1H-pulse NMR spectroscopy and the complementary SAXS/
WAXS and SANS/WANS methods in conjunction with a solvent-
swelling technique. Two types of phenolic resins PR06 and PR12
were prepared with stoichiometrically insufficient and sufficient
amounts of cross-linker, respectively, via curing of NV with HMTA.
Because of the cross-link inhomogeneity, their network structures
comprised three different structures since the beginning of the
curing process: HXD, LXD, and the interface region between HXD
and LXD. The percolation of HXD occurred at the beginning of the
curing. Intradomain reactions inside both HXD and LXD proceeded
as the dominant reactions accompanying minor intrerdomain re-
actions between HXDs, which resulted in no significant change in
the spatial location and size of the HXD and LXD. The intradomain
reactions inside the LXD involve reactions with dangling chains,
which would not significantly affect the average mesh size of the
domain. These behaviors of the network structure evolution
mechanism at the initial stage of curing are a general feature of
phenolic resins that does not depend on the amount of cross-linker.
The difference between the amount of cross-linker in PR06 and
PR12 was manifested as the difference in the degree of cross-
linking in the percolated HXDs, resulting in a difference in the
degree of swelling, i.e., the HXD of PR12 exhibited a tightly cross-
linked, well-developed network structure from the beginning of
the curing process, whereas, the HXD of PR06 exhibited a loosely
cross-linked network structure, with increasing degree of cross-
linking as the curing proceeded.

We believe that this structural analysis method offers new in-
sights for elucidating the inhomogeneity of cross-linked network
structures in fully cured phenolic and other thermosetting resins,
considering that a detailed clarification on this topic has not been
provided in detail more than a century since the invention of the
resins.
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