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a b s t r a c t

The gelation mechanism and cross-link inhomogeneity of phenolic resins prepared via polycondensation
of phenol and formaldehyde under acidic conditions were studied using small- and wide-angle X-ray
scattering and 1H-pulse nuclear magnetic resonance spectroscopy. The solvent-swelling technique was
applied for both measurements at the initial stage of gelation to enhance the local fluctuations of the
cross-link density. The change in the static and dynamic structures obtained through observations of the
X-ray scattering functions and the spinespin relaxation functions, respectively, during the poly-
condensation reaction indicates the presence of two different mechanisms for the formation and growth
of the inhomogeneity that depend on the amount of cross-linker. (i) When there is a stoichiometrically
insufficient amount of the cross-linker, inhomogeneous domains with a loosely cross-linked network
appear at the initial stage of gelation. The intradomain reactions become dominant in the growth of the
inhomogeneous domain and the degree of cross-linking in the domain increases by bridging two
unreacted sites in the network structure via the cross-linker. (ii) When there is a stoichiometric amount
of the cross-linker, inhomogeneous domains with a tightly cross-linked network appear at the initial
stage of gelation. The interdomain reactions become dominant in the growth of the domain and the size
of the domain increases by incorporating new polymer chains into the domain via the cross-linker.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Phenolic resins were the first artificial plastics developed that
were based on a synthetic polymer, and were invented by Baeke-
land in 1907. Because of their excellent mechanical properties as
well as heat and solvent resistance, they have been employed as
insoluble and infusible thermosetting resins in electronics, auto-
motive, housing, and other industries [1]. The basic chemical
structure of phenolic resins comprises a three-dimensional cross-
linked network of three functional phenols and two functional
methylenes. Three methylenes can connect to a phenol, one at the
para-position and the other two at the two ortho-positions that are
adjacent to the hydroxyl group of the phenolic ring. This cross-
i), sibayama@issp.u-tokyo.ac.
linked network provides the abovementioned desirable proper-
ties and it is believed that the inhomogeneity of the cross-linked
structure influences these properties. However, structural analysis
of phenolic resins is difficult because of their insolubility in com-
mon organic solvents and their infusibility. Therefore, elucidation
of their cross-linked structure and inhomogeneity has been one of
the major challenging objectives of the structural analysis of
phenolic and other thermosetting resins. The definition of “in-
homogeneity of thermosetting resins” is well summarized in the
literature [2,3].

It is well known that the case of the inhomogeneity of phenolic
resins was first raised by de Boer and Houwink in 1936 [4,5]. As
described in our previous paper [6], arguments regarding the in-
homogeneity of phenolic and other thermosetting resins, and their
structureeproperty relationships persist even today through ob-
servations using scanning and transmission electron microscopy
[7e13], atomic force microscopy [12,14,15], small- and wide-angle
X-ray scattering (SAXS and WAXS, respectively), and small-angle
neutron scattering (SANS) [2,6,16e21].
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Of these methods, SANS and SAXS have proven to be powerful
techniques for elucidating the cross-link inhomogeneity of gel
networks [22e28]. In most cases, these scattering methods utilize
the swelling feature of the gel; swelling enhances the local fluc-
tuations of the cross-link density because the degree of swelling
depends on the degree of cross-linking. The enhancement of the
spatial inhomogeneity of the gel network results in a large scat-
tering contrast. However, it is difficult to apply this solvent-
swelling technique to highly cross-linked thermosetting resins
and only a few studies have addressed cross-link inhomogeneity in
phenolic and other thermosetting resins using these scattering
methods as compared to the number of SEM and TEM studies of
inhomogeneity. 1H-pulse nuclear magnetic resonance (NMR)
spectroscopy is also one of the most promising techniques for
elucidating the cross-link inhomogeneity of gel networks [29e35].
1H-pulse NMR spectroscopy offers the spinespin relaxation time of
protons, which is related to the mobility of molecules to which the
protons are attached; the lower the molecular mobility, the shorter
the relaxation time. For cross-linked polymers, the molecular
mobility of polymer segments strongly depends on their local
cross-link density [36] and the spinespin relaxation of tightly
cross-linked segments with lower molecular mobility decays faster
than that of loosely cross-linked segments.

For theoretical understanding of the cross-linked network
structure and the structureeproperty relationships of phenolic and
other thermosetting resins, computer simulations, such as statis-
tical and kinetic methods, molecular dynamics (MD) simulations,
andMonte Carlo (MC) simulations, are also promising tools because
they are not limited by polymer solubility and infusibility, which
always cause experimental difficulties in structural analyses
[37e44]. Yamagishi et al. investigated the gelation mechanism of
phenolic resins using MC simulations with the cubic percolation
theory [41]. According to the simulation results for a poly-
condensation systemwith an initial formaldehyde-to-phenol molar
ratio of 1.2, the intramolecular reaction occurredmore frequently in
the gel cluster with increasing gel fraction beyond the gel point and
resulted in network formation inside the gel. Unfortunately, this
significant result for the gelation mechanism of phenolic resins has
not yet been precisely evaluated experimentally except for our
previous SAXS study [6].

We have been focusing on understanding the inhomogeneity
and structureeproperty relationships of phenolic resins using
scattering methods and MD simulations [6,20,21,44,45]. Through
these investigations, we concluded that the characterization of the
formation and growth mechanisms of gel networks could be
important for elucidating the inhomogeneity of fully cured
phenolic and other thermosetting resins, because the cross-link
Fig. 1. Polycondensation of ph
inhomogeneity has not been observed for the cured phenolic
resins prepared with different amounts of the cross-linking agent
by either SANS, SAXS, or SEM studies. In our previous study [6], the
gelation mechanisms of phenolic resins have been investigated
through solid-state 13C NMR, SAXS, and reaction kinetics including
the successful application of this solvent-swelling technique in
SAXS analysis at the initial stage of gelation. This provided new
gelation mechanisms for the formation and growth of the cross-
link inhomogeneity that depend on the amount of cross-linker:
(i) when there is a stoichiometrically insufficient amount of the
cross-linker, inhomogeneous domains with a loosely cross-linked
network appear at the initial stage of gelation and the degree of
cross-linking in the domain increases with the reaction time. On
the other hand, (ii) when there is a stoichiometric amount of the
cross-linker, inhomogeneous domains with a tightly cross-linked
network appear at the initial stage of gelation, followed by an in-
crease in the size of the domain. This result of our previous study
agrees well with Yamagishi's simulation result; however, additional
experimental verification is required to confirm and refine the
gelation mechanism.

In this study, we have further investigated the gelation mech-
anisms of phenolic resins using SAXS, WAXS, and 1H-pulse NMR
spectroscopy. The solvent-swelling technique was applied at the
initial stage of gelation for all measurements to enhance the local
fluctuations of the cross-link density.

2. Experimental

2.1. Materials

Phenol, 37 wt% formaldehyde aqueous solution, anhydrous
oxalic acid, tetrahydrofuran (THF), and THF-d8 with a 99.5% degree
of deuteration were purchased from Wako Pure Chemical In-
dustries, Ltd. (Japan). All materials were used without further
purification.

Novolac-type phenolic resinsNV12 andNV15were prepared via
the polycondensation of phenol and formaldehyde with oxalic acid
as an acid catalyst, as shown in Fig. 1. The initial molar ratios of
phenol/formaldehyde/oxalic acid were 1.0/1.2/0.010 for NV12 and
1.0/1.5/0.010 for NV15. Note that the reaction was performed in a
tightly-sealed vial to avoid any slight change in the molar ratio
caused by volatilization of the monomers. The initial
formaldehyde-to-phenol molar ratios of NV12 and NV15 corre-
sponded to off-stoichiometric and on-stoichiometric ratios,
respectively, which resulted in polycondensation reactions with a
stoichiometrically insufficient amount of the cross-linker and a
stoichiometric amount of the cross-linker, respectively. The
enol and formaldehyde.



Fig. 2. Change in the X-ray scattering curves: (a) NV12 and (b) NV15 in THF. Open and
filled symbols represent before and after the gel point, respectively. Solid lines are
fitting curves using Equation (2).
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reaction was performed at 100 �C for 50, 100, 150, 200, 300, and
450 min; subsequently, the reaction mixtures were milled and
washed with water. The gelation occurred at 100 min for NV12 and
150 min for NV15, when a THF-insoluble part was obtained. The
details of sample preparation and characterization are described in
the literature [6].

2.2. SAXS and WAXS

SAXS experiments over the q range 0.2e7 nm�1 were performed
on the BL03XU beamline (Frontier Softmaterial Beamline (FSBL)) at
SPring-8 that is located in Sayo, Hyogo, Japan [46e48]. A mono-
chromated X-ray beam with a wavelength of 1.0 Å was used to
irradiate the samples at room temperature, and the scattered X-
rays were counted at a sample-to-detector distance of 1.1 m. The
scattered X-rays were counted by an R-AXIS VIIþþ imaging plate
detector system (Rigaku Corporation, Japan) with 3000 � 3000
pixel arrays and a pixel size of 0.1 mm pixel�1. WAXS experiments
over a q range of 5e20 nm�1 were performed on the NANO-Viewer
(Rigaku Corporation, Japan). An X-ray beam with a wavelength of
1.54 Å of the CuKa spectral line excited at 40 kV and 30 mA was
used. The scattered X-rays were counted at a sample-to-detector
distance of 76 mm by a Pilatus 100K detector system (DECTRIS
Ltd., Switzerland) with 487 � 195 pixel arrays and a pixel size of
0.172 mm pixel�1.

Quartz glass capillaries Mark-Tube (Hilgenburg GmbH, Ger-
many) with a diameter of 2 mm and a wall thickness of 0.01 mm
were used for the sample cells. After correction for dark current,
background scattering, and transmittance, corrected scattering in-
tensity functions were normalized to the absolute intensity scale
using a 1-mm-thick glassy carbon plate (glassy carbon Type 2, Alfa
Aesar, USA) as a secondary standard, inwhich the absolute intensity
of the glassy carbon plate was previously determined using a glassy
carbon that was provided by Jan Ilavsky of the Advanced Photon
Source at Argonne National Laboratory, IL, USA [49].

2.3. 1H-pulse NMR

The 1H-pulse NMR experiments were performed using a JEOL-
MU25 spectrometer (JEOL Ltd., Japan) with a 10-mm-diameter
probe operated at 25 MHz. Glass NMR tubes (JNM-SM-3340004,
JEOL RESONANCE Inc., Japan) with a diameter of 10 mm and a wall
thickness of 0.6 mmwere used for the sample cells. The spinespin
relaxation time was recorded at room temperature using
CarrePurcelleMeiboomeGill pulse sequences, in which 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, 1000, 2.0 s, and 128, respectively. Specimens were in
8 wt% semidilute THF-d8 solution for polymers before the gel point
and in the fully THF-d8 swollen gels for polymers after the gel point.

3. Results and discussion

Fig. 2 shows the change in the X-ray scattering curves of NV12
and NV15 during the polycondensation reaction; the curves also
show solvent scattering. It should be noted that in the previous
study, the scattering curves were investigated after subtracting the
solvent scattering intensities from the observed signals according
to the polymer fraction that is calculated from the degree of
swelling of the gel. The reason for the absence of the solvent
scattering correction in this study is to improve the accuracy of data
analysis for samples after the gel point. This is done by considering
the possibility of a slight deviation of the polymer fraction in the X-
ray irradiated volume from that calculated from the degree of
swelling. This is because the specimens after the gel point were
deposited as small gel particles in THF, which indicates the exis-
tence of a THF region between the gel particles in the X-ray irra-
diated volume.

According to the previous SAXS study with a q range of
0.2e3 nm�1, the X-ray scattering in this range could result from
both the solid-like inhomogeneity and liquid-like fluctuation,
which can be explained by the squared Lorentzian equation (ISL(q))
[50] and the OrnsteineZernike equation (IOZ(q)) [51], respectively.
This combined scattering function has long been used to represent
the structure of gels in the swollen state [6,22e28], which is given
by

IðqÞ ¼ ISLð0Þ�
1þ X2q2

�2 þ IOZð0Þ
1þ x2q2

; (1)

where q, X, and x denote the magnitude of the scattering vector,
correlation lengths representing the characteristic size of the in-
homogeneity and that of the concentration fluctuation, respec-
tively. Here q is given by q¼ (4p/l) sin(2q/2), where l and 2q denote
the wavelength of the incident beam and the scattering angle,
respectively. The first and second terms on the right side
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correspond to the solid-like frozen inhomogeneity and the liquid-
like fluctuations, respectively. As observed in Fig. 2, all scattering
curves have single broad peaks around 4e20 nm�1. These peaks
could correspond to short-range electron density fluctuations of
both THF and phenolic resins. Thus, the theoretical function of
Equation (1) that was used in the previous study is revised to

IðqÞ ¼ ISLð0Þ�
1þX2q2

�2þ IOZð0Þ
1þ x2q2

þA$exp

 
�ðq� q0Þ2

2w2

!
þB$ITHFðqÞ;

(2)

where A and B, q0, w, and ITHF(q) denote the scaling factors, peak
position and width of a Gaussian function that is used to represent
the short-range electron density fluctuation of phenolic resins, and
observed scattering function of THF, respectively. A curve fitting
using Equation (2) is successful for all scattering curves ofNV12 and
NV15, as shown in Fig. 2 with solid lines.

The change in the fitting parameters during the poly-
condensation reaction is shown in Fig. 3. The behavior of the
change in the parameters agrees well with the results of our pre-
vious study with a q range of 0.2e3 nm�1. Here x is related to the
average size of soluble oligomers and mesh size of the gel network
that behaves like a polymer chain in the semidilute regime. Hence,
the increase and decrease in the x value with reaction time could
indicate an increase in the size of soluble polymer chains and a
decrease in the mesh size, respectively. The different behavior of
the change in the X value between NV12 and NV15 could be
explained by the difference in their gelation mechanism, which
depends on the amount of the cross-linker. When there is a stoi-
chiometrically insufficient amount of the cross-linker, inhomoge-
neous domains with a loosely cross-linked network appear at the
initial stage of gelation. The degree of cross-linking in the domain
increases with the reaction time, which results in a decrease in the
degree of swelling of the domain. On the other hand, when there is
a stoichiometric amount of the cross-linker, inhomogeneous do-
mains with a tightly cross-linked network appear at the initial stage
of gelation, followed by an increase in the size of the domain. Thus,
a decrease in the X value of NV12 could be attributed to an increase
in the degree of cross-link density in the inhomogeneous domain
with a higher cross-link density that results in a decrease in the
degree of swelling. In contrast, an increase in the X value of NV15
could be ascribed to an increase in the size of the domain with a
Fig. 3. Change in the fitting parameters. Solid lines are only guides for the eye.
higher cross-link density. This result, with an extended q range of
0.2e20 nm�1, confirms the validity of the gelation mechanism that
we have previously proposed.

For further verification of the gelation mechanism that is ob-
tained through the analysis of the static structure using X-ray
scattering, the dynamics of molecular mobility of the polymer
segments are investigated from the viewpoint of a spinespin
relaxation of protons that can be observed using 1H-pulse NMR
spectroscopy. Fig. 4 shows the change in the spinespin relaxation
curves of NV12 and NV15 during the polycondensation reaction.
The polymers are in the THF-d8 solution state before the gel point
and in the fully swollen state in THF-d8 after the gel point. Here the
observed NMR signals could be considered to result only from the
spinespin relaxation of protons in phenolic resins, because a
deuterated solvent with a 99.5% degree of deuteration was used for
the measurements. Both the relaxation curves of NV12 and NV15
decay faster as the reaction proceeds, which indicates a decrease in
the average molecular mobility. In general, the spinespin relaxa-
tion function can be described by

MðtÞ=Mð0Þ ¼ exp
�� ð1=aÞðt=T2Þa

�
; (3)
Fig. 4. Spinespin relaxations of (a) NV12 and (b) NV15 in THF-d8. Open and filled
symbols represent before and after the gel point, respectively. Solid lines are fitting
curves using Equation (7).



Fig. 5. Spinespin relaxation time distribution of (a) NV12 and (b) NV15. Open and
filled symbols represent before and after the gel point, respectively.
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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 spinespin relaxation, respectively
[29e31]. The a value ranges from 1 for an exponential-type decay to
2 for a Gaussian-type decay. In polymers with a highly constrained
molecular mobility, such as in the glassy and crystalline states, the
spinespin relaxation typically follows the Gaussian-type fast decay.
On the other hand, in polymers with a higher molecular mobility,
such as in the rubbery and solution states, the spinespin relaxation
follows the exponential-type slow decay. In this study, the a value
of 1 could be appropriate because NMR measurements were per-
formed in solvents and polymers are in the solution or swollen
states. All the observed relaxation curves, as shown in Fig. 4, cannot
be fitted by a single exponential function given by Equation (3) with
the a value of 1. This confirms the existence of multiple molecular
mobilities of polymer segments in NV12 and NV15 that result from
the cross-link inhomogeneity, as elucidated by the X-ray scattering
analysis. In such a case, a combined function based on Equation (3)
should be introduced to explain the spinespin relaxations of
inhomogeneous cross-linked network polymers, which is given by

M tð Þ=M 0ð Þ ¼
Xn
i¼1

4i exp � 1=aið Þ t
�
T2;i

� �aih i
; (4)

where n denotes the number of relaxation modes, and 4i, ai, and T2,i
represent the molar fraction of protons, a value, and T2 of the i-th
relaxation mode, respectively. Here S4i is 1. When the a value is
equal to 1, Equation (4) becomes

MðtÞ=Mð0Þ ¼
Xn
i¼1

4i exp
�� t

�
T2;i
�
: (5)

At this moment, the n value in Equations (4) and (5) is unknown
because no structural model representing the spinespin relaxation
of phenolic resins has been proposed both for solution and swollen
states. To evaluate the n value, the following function with a
continuous distribution of T2 given by

MðtÞ=Mð0Þ ¼
Z

GðT2Þexpð�t=T2ÞdT2 (6)

was first considered, where G(T2) represents a distribution function
of T2. Fig. 5 shows G(T2) for the relaxation curves shown in Fig. 4,
which was calculated using the constrained regularization program
CONTIN [52]. CONTIN analysis was performed over the wide range
of 100e104 ms to understand overall features of the distribution
function from the narrow range relaxation data. The result clearly
indicates that both NV12 and NV15 exhibit three different relaxa-
tion modes on the order of magnitude 100, 101, and 102e103 ms
(first, second, and third relaxationmodes, respectively) after the gel
point, which is irrespective of the polycondensation reaction time.
The existence of three relaxation modes confirms the existence of
the cross-link inhomogeneity as mentioned above; the cross-linked
structure could be classified into three structures with respect to
the molecular mobility and the n value should be 3. The first and
third relaxationmodeswould result from the spinespin relaxations
of protons in polymer segments at tightly and loosely cross-linked
regions, respectively, and the second relaxation would result from
the relaxation at the interface region between the tightly and
loosely cross-linked regions. The third relaxation mode would also
contain the relaxation of polymer chains in the solution state
because the third mode is observed before the gel point at 50 and
100 min for NV12 and 50 min for NV15, where the polymers are
soluble in THF-d8. This relaxation of the sol fraction can be clearly
seen as a broadening of G(T2) to a relaxation time greater than
103 ms. This result regarding the third relaxation mode indicates
that X-ray scattering analysis of the static structure with the Orn-
steineZernike equation cannot distinguish THF-soluble polymer
chains from loosely cross-linked polymer segments but 1H-pulse
NMR analysis can distinguish them from the viewpoint of the
molecular mobility of protons.

To investigate the change in the cross-link inhomogeneity dur-
ing the polycondensation reaction, the molar fractions of protons in
the polymer segments that are assigned to the first, second, and
third relaxation modes (41, 42, and 43, respectively, and
41 þ 42 þ 43 ¼ 1) were evaluated assuming all structures are
classified into three structural models with respect to themolecular
mobility (i.e., the n value is 3 in Equation (5)). To evaluate the molar
fraction, the continuous distribution function as shown in Fig. 5 was
reduced to a discrete distribution with three relaxation modes for
simplicity. The spinespin relaxation curves of NV12 and NV15 are
fitted with a triple exponential function given by

MðtÞ=Mð0Þ ¼41 exp
�� t

�
T2;1

�þ 42 exp
�� t

�
T2;2

�
þ 43 exp

�� t
�
T2;3

�
;

(7)

where T2,1, T2,2, and T2,3 denote time constants representing the
spinespin relaxation of the first, second, and third modes,



Fig. 7. Change in the molar fraction of protons in the polymer segments at the higher
cross-link density region. Open and filled symbols represent before and after the gel
point, respectively. Solid lines expressed by single exponential functions are guides for
the eye.
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respectively. As shown in Fig. 4 with solid lines, the curve fitting
was successful. Moreover, as shown in Fig. 6, these relaxation
functions exhibit three different relaxation modes with time con-
stants of 0.5e1 � 100, 1e3 � 101, and 1e4 � 102 ms. These results
support the validity of this simplified model using Equation (7).

Fig. 7 shows the change in the 41þ2 value obtained as the fitting
parameters, where 41þ2 denotes the sum of 41 and 42. This value
represents the molar fractions of protons in the polymer segments
at the higher cross-link density region where molecular mobility is
suppressed by the cross-links and a scattering function of the
structure can be expressed by the squared Lorentzian equation. As
shown with open symbols in Fig. 7, the 41þ2 value is not zero even
before the gel point at 50e100 min for NV12 and at 50 min for
NV15, which can be attributed to the existence of a second relax-
ation mode as seen in Fig. 5. This result can be explained by
assuming the existence of local loop structures in the THF-soluble
fraction. The previous studies on the conformation of phenolic
resins before the gel point through an analysis of an exponent of the
MarkeHouwinkeSakurada equation demonstrated that the
novolac-type phenolic resins prepared by the acid-catalyzed poly-
condensation reaction contain highly branched structures and have
a compact sphere-like conformation in good solvents, such as THF
and acetone, compared with a Gaussian chain [21,45,53e58].
Moreover, our previous analysis of the phenoleformaldehyde
polycondensation kinetics using a statistical recursive method that
was proposed by Aranguren et al. [59] suggested the existence of a
loop structure as the reaction reaches the gel point [6]. For further
verification of the formation of the loop structure before the gel
point, a refinement of the gelation kinetics with a stochastic
approach, such as the cascade theory [60,61], would be a promising
technique for solving the polycondensation kinetics of phenolic
resins more precisely. After the gel point of NV12 and NV15, as
shown with filled symbols in Fig. 7, the change in the 41þ2 value is
clearly different for NV12 and NV15. Initially, NV12 and NV15
exhibit similar valuesd0.20 and 0.25, respectivelydimmediately
after the gel point when they become insoluble in THF. The values
of NV12 and NV15 increase as the polycondensation reaction pro-
ceeds and reach 0.33 and 0.55, respectively. This difference in the
slope of the change could result from the difference in the gelation
mechanisms of NV12 and NV15 and supports the hypothesis that
these mechanisms depend on the amount of the cross-linker. (i)
Fig. 6. Change in time constants representing the spinespin relaxation of the i-th
relaxation mode: circles, NV12; and triangles, NV15. Open and filled symbols represent
before and after the gel point, respectively.
When there is a stoichiometrically insufficient amount of the cross-
linker at the initial stage of gelation, inhomogeneous domains with
a loosely cross-linked network appear and the degree of cross-
linking in the domain increases with the reaction time. (ii) When
there is a stoichiometric amount of the cross-linker at the initial
stage of gelation, inhomogeneous domains with a tightly cross-
linked network appear, followed by an increase in the size of the
domains with the reaction time. The dominant reaction for the
growth of the inhomogeneous domains in these mechanisms
should be intradomain reaction in case (i) and interdomain reaction
in case (ii), which could result in the difference in the slope of the
change in the 41þ2 value. In the case of the intradomain reaction,
the inhomogeneous domains grow with increase in their degree of
cross-linking by bridging two unreacted sites in the network
structure via the cross-linker. On the other hand, in case of the
interdomain reaction, the inhomogeneous domains grow with in-
crease in their size by incorporating new polymer chains into the
domain via the cross-linker. Most of the protons increasingwith the
growth of the inhomogeneous domain would be characterized as
protons of cross-linkers for the intradomain reaction and those of
cross-linkers and incorporated polymer chains for which would
result in the difference in the slope of the change as seen in Fig. 7.
This gelation mechanism of NV12, where intradomain reactions
enhance the network formation inside the gel, agrees with a
simulation result of Yamagishi et al. using Monte Carlo simulations
with the cubic percolation theory [41]. This simulation result for a
polycondensation system with a [HCHO]0/[PhOH]0 of 1.2, which is
equal to NV12, demonstrated that the intradomain reaction in the
gel cluster occurred frequently after the gel point. The results of this
study clearly show the validity of the abovementioned gelation
mechanisms of phenolic resins.

Fig. 8 shows schematic images of the gelation mechanisms
representing the dependence of the cross-linker amount on the
formation and growth of the inhomogeneity of phenolic resins after
the gel point, which was elucidated by SAXS, WAXS, and 1H-pulse
NMR study using the solvent-swelling technique at the initial stage
of gelation. We believe that the formation of branched phenolic
units could play a key role in causing the cross-link inhomogeneity
as discussed in our previous paper [6]; namely, the branched units
decrease local segmental motion [36], which results in an increase



Fig. 8. Schematic image representing the formation and growth of the inhomogeneity during the gelation process of phenolic resins after the gel point with (a) a stoichiometrically
insufficient and (b) a stoichiometric amount of the cross-linker, where the dominant reactions are intradomain and interdomain reactions, respectively.
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in local fluctuations of the reaction rate and probability of the
interdomain and intradomain reactions.

4. Conclusion

The gelation mechanism and cross-link inhomogeneity of
phenolic resins prepared via polycondensation of phenol and
formaldehyde under acidic conditions were studied using SAXS,
WAXS, and 1H-pulse NMR spectroscopy. The solvent-swelling
technique was applied at the initial stage of gelation for both
measurements to enhance the local fluctuations of the cross-link
density. The X-ray scattering curves over the q range of
0.2e20 nm�1 are well explained with a combined function of the
squared Lorentzian equation, the OrnsteineZernike equation, a
Gaussian function, and a solvent scattering function that represent
solid-like cross-link inhomogeneity, liquid-like fluctuation, short-
range electron density fluctuation of phenolic resins, and THF
scattering from the X-ray irradiated volume, respectively. The
spinespin relaxation curves of protons are well explained with a
triple exponential function by assuming a combination of three
different molecular mobilities that behave as an exponential
function type decay having time constants on the order of magni-
tude of 100, 101, and 102 ms. After the gel point, these time con-
stants could be attributed to the dynamics of the polymer segments
at tightly cross-linked regions, at the interface region between
tightly and loosely cross-linked regions, and at loosely cross-linked
regions, respectively.

The results of these static and dynamic structure analyses
indicate the presence of two different mechanisms for the forma-
tion and growth of the inhomogeneity that depend on the amount
of the cross-linker. (i) When there is a stoichiometrically insuffi-
cient amount of the cross-linker, inhomogeneous domains with a
loosely cross-linked network appear at the initial stage of gelation.
The intradomain reactions become dominant in the growth of the
inhomogeneous domain and the degree of cross-linking in the
inhomogeneous domain increases by bridging two unreacted sites
in the network structure via the cross-linker. (ii) When there is a
stoichiometric amount of the cross-linker, inhomogeneous do-
mains with a tightly cross-linked network appear at the initial stage
of gelation. The interdomain reactions become dominant in the
growth of the inhomogeneous domain and the size of the inho-
mogeneous domain increases by incorporating newpolymer chains
into the domain via the cross-linker.

The gelation mechanism of phenolic resins that we have pre-
viously proposed is successfully confirmed and refined by the
application of the well-established solvent-swelling technique for
structural analysis of gel networks to phenolic resins using a
combination of SAXS, WAXS, and 1H-pulse NMR. We believe this
structural analysis method offers a new technique for elucidating
the inhomogeneity of thermosetting resins.
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