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Abstract Poly(phenylene oxide) (PPO) exhibits excellent dielectric properties, making it an ideal substrate for high-frequency, high-speed cop-
per-clad laminates. The phenolic hydroxyl group at the end of PPO plays a key role in its reactivity. Accurately quantifying the phenolic hydroxyl
content in PPO is essential but challenging. In this study, we proposed a method for measuring the phenolic hydroxyl content of PPO using differ-
ential UV absorption spectroscopy. In alkaline solutions, the phenolic hydroxyl in PPO completely ionizes to form phenoxide ions, leading to a sig-
nificant increase in UV absorbance at approximately 250 and 300 nm. Notably, the differential UV absorbance at approximately 300 nm was di-
rectly proportional to the phenolic hydroxyl concentration. Using 2,6-dimethylphenol as a standard, a calibration curve was established to relate
the phenolic hydroxyl concentration to differential UV absorbance at approximately 300 nm, providing a precise and straightforward method for
phenolic hydroxyl quantification in PPO with distinct advantages over conventional techniques.
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INTRODUCTION

The rapid advancement of high-frequency electronic communi-
cation technology has exposed the limitations of traditional
copper-clad laminate substrates, particularly those based on
epoxy resins, which struggle to meet dielectric requirements at
elevated frequencies.?) Consequently, alternative materials are
being actively explored, with poly(phenylene oxide) (PPO)
emerging as a promising candidate owing to its excellent di-
electric properties. PPO has a low dielectric constant (D,=2.45)
and minimal dielectric loss (D=0.0007), making it particularly
suitable for high-frequency applications.>¥

Despite its excellent performance, PPO faces challenges
when integrated with other resins such as polyamidel®! and
polyesterl®, particularly the commonly used and cost-effec-
tive epoxy resinl’l. This integration difficulty stems primarily
from the limited number of reactive functional groups in
PPO.® To overcome this challenge, researchers have focused
on modifying PPO by reducing its molecular weight to in-
crease the number of terminal hydroxyl groups, although
this adjustment entails a slight compromise in the dielectric
performance.l'% These hydroxyl groups can participate di-

* Corresponding author, E-mail: zhangcailiang@zju.edu.cn
Received August 18, 2025; Accepted September 25, 2025; Published
online December 22, 2025

© Chinese Chemical Society
Institute of Chemistry, Chinese Academy of Sciences

rectly in the curing process with epoxy groups, thereby en-
hancing the co-curing process and improving material com-
patibility.l''2 Consequently, the hydroxyl content of the
modified PPO plays a crucial role in determining the success
of these integration strategies.

However, the accurate quantification of the hydroxyl con-
tent in modified PPO remains a significant challenge. Tradi-
tional methods, such as acid-base titration, have been used to
quantify phenolic hydroxyl groups. Krijgsman et al.l'3! dis-
solved PPO in pyridine and titrated it with tetrabutylammoni-
um hydroxide in a mixture of isopropanol and methanol. An-
other method involves reacting the hydroxyl groups with acyl
chloride and titrating the resulting hydrochloric acid. Al-
though titration methods that replace hydrogen in the phe-
nolic hydroxyl groups are more commonly employed, they of-
ten suffer from reduced accuracy. This is because the reactivi-
ty of the terminal hydroxyl groups in PPO can vary depend-
ing on factors such as molecular weight and structural varia-
tions, leading to inconsistent results.

Instrumental techniques, such as nuclear magnetic reso-
nance (NMR) spectroscopy, offer a more reliable and precise
quantification of hydroxyl content using an internal standard
to ensure stability and accuracy.'4 However, NMR spec-
troscopy is complex and requires high-purity samples. As an
alternative, infrared (IR) spectroscopy has been explored for
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direct measurement of hydroxyl content. Some studies have
focused on the absorption peak at 3500 cm' in toluene solu-
tions of PPO at varying concentrations.['>! Unfortunately, be-
cause of the typically low hydroxyl content of PPO, the ab-
sorption peaks are weak and often masked by noise or over-
lapping peaks, making IR spectroscopy unsuitable for precise
hydroxyl quantification. Gel permeation chromatography
(GPC), which estimates hydroxyl content based on molecular
weight measurements, has also been used in some studies.['6]
However, its accuracy is limited because it does not consider
unreacted raw materials or side reactions during synthesis.

An alternative approach involves differential ultraviolet
(UV) absorption spectroscopy. In alkaline media, the phenolic
hydroxyl groups dissociate into phenoxide ions, causing char-
acteristic shifts in their differential UV absorption peaks. Two
distinct absorption peaks, typically near 250 and 300 nm, are
associated with phenolic hydroxyl groups, and the intensity
of these peaks can be used to quantify the hydroxyl
content.l'” Wu et al.l'8l used water as the solvent and focused
on a stronger absorption peak near 250 nm, achieving more
reliable results for lignin phenolic hydroxyl quantification.
Similarly, Chen et all' used a solvent system of 2-
methoxyethanol/water/acetic acid=8/2/0.2 (V/V/V) or 2-
methoxyethanol/0.2 mol/L NaOH=1/9 (V/V) to measure the
phenolic hydroxyl content in lignin; however, solvent interfer-
ence remains a potential issue, complicating the interpreta-
tion of UV absorption data.

In this study, various phenolic hydroxyl-terminated PPOs
were synthesized through redistribution methods, as out-
lined by White.[20 Differential UV spectroscopy was used to
analyze and quantify the phenolic hydroxyl content in the
PPO samples. A phenolic hydroxyl standard reference was
chosen to calibrate the measurements, providing a more ac-
curate and reliable method for quantifying the phenolic hy-
droxyl in PPO.

EXPERIMENTAL

Materials

The PPO used in this study was RX040 sourced from Sinbo Co.,
China. Another PPO variant, SA90, was purchased from Sabic Co.
(USA). The chemicals 2, 6-dimethylphenol (DMP), bisphenol A
(BPA), and tetramethylbisphenol A (TMBPA), each with a purity
of 98%, were purchased from J&K Co. Methanol,
dichloromethane (spectrum grade), and tetraethylammonium
hydroxide were obtained from Aladdin Co. Ltd. All other
reagents used were of analytical grade and were supplied by
SCR Co., Shanghai, China.

Preparation of PPO with Varying Phenolic Hydroxyl
Content

To prepare PPO samples with varying phenolic hydroxyl con-
tents, a redistribution method was employed. This technique in-
volves the reduction of the molecular weight of PPO. Initially,
20 g of PPO and 0.8 g of TMBPA were dissolved in 150 mL of the
solvent and heated to 85 °C. A 35 mL solution of BPO in toluene,
with a concentration of 0.04 g/mL, was gradually added to the
reaction mixture over a 3 h period. After the addition was com-
plete, the reaction was allowed to continue for 3 h. After cool-
ing to room temperature, methanol (20 wt% of the total reac-

tion mixture) was slowly introduced under vigorous stirring to
precipitate and filter out high-molecular-weight PPO that did
not participate in the reaction. The filtrate was then transferred
to an excess of methanol (five times the volume of the filtrate),
resulting in the precipitation of a white solid. The solid was fil-
tered, washed, and dried under vacuum at 100 °C to obtain the
Modified PPO product designated as MPPO-1. The mass of TMB-
PA was adjusted to 1.6, 2.4, and 3.2 g, yielding MPPO products
with different phenolic hydroxyl contents, labeled MPPO-2, MP-
PO-3, and MPPO-4, respectively.

Measurement of Phenolic Hydroxyl Groups by UV
Spectrophotometry

Phenolic hydroxyl groups were quantified using Shanghai
Meipuda P7 UV spectrophotometry. A 0.1 mol/L methanol solu-
tion of tetraethylammonium hydroxide (TEAH) was used as the
alkaline ionization reagent. The solution was mixed separately
with BPA, TMBPA, and DMP in fixed proportions under vigorous
stirring. The UV absorbance spectra were recorded before and
after ionization and subsequently exported from the instru-
ment. Differential spectra were obtained by manually subtract-
ing the pre- and post-ionization absorbance curves. Based on
the results obtained with varying concentrations of BPA, TMB-
PA, and DMP, three calibration curves of the differential ab-
sorbance versus phenolic hydroxyl concentration were con-
structed. PPO samples of known masses were tested under
identical conditions and the absorbance values were measured.
The phenolic hydroxyl content of the PPO samples was deter-
mined using the calibration curves.

Characterization of PPO Samples

The molecular weights and molecular weight distributions of
the PPO samples were determined by GPC using a Waters
1525/2414 system. PPO samples were dissolved in tetrahydro-
furan (THF) at a concentration of 3 mg/mL. Polystyrene (PS) was
used as the standard and THF was employed as the mobile
phase at a flow rate of 1 mL/min.

Fourier-transform infrared spectroscopy (FTIR) was used to
analyze the PPO samples. FTIR spectra were recorded using
the KBr pellet method on an Agilent Nicolet 5700 infrared
spectrometer, with a scan rate of 32 scans per second and a
resolution of 4 cm-1.

RESULTS AND DISCUSSION

Characteristics of Different MPPO Samples

The redistribution method, a well-established technique for re-
ducing the molecular weight of PPO, was employed to obtain
PPO samples with varying phenolic hydroxyl contents. As
shown in Fig. 1, free radicals initiated the reaction by triggering
the functionalized phenol to attack the benzyl ether phenoxy
terminal radical. The process followed a quinone-retraction
mechanism, in which the functionalized phenol was incorporat-
ed into the PPO backbone. The reaction proceeded as an equi-
librium process, progressively reducing the molecular weight of
PPO as more functionalized phenol units were integrated.

Four PPO samples with reduced molecular weights were
obtained via redistribution; their corresponding GPC curves
are presented in Fig. 2. The number-average molecular
weights of the modified PPO samples (MPPO-1 to MPPO-4)
decreased sequentially from initial values of 25781 to 3489,
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Fig. 1 Redistribution process of PPO in the presence of TMBPA and BPO.

3069, 2591, and 1909, respectively. Although the redistribu-
tion reaction theoretically results in PPO products with termi-
nal hydroxyl groups at both ends, the exact number of termi-
nal hydroxyl groups cannot be directly determined from GPC
results alone.

The FTIR spectra of these PPO samples are shown in Fig. 3,
where a prominent band near 3610 cm™! corresponds to the
phenolic hydroxyl group. It is evident that as the molecular
weight of PPO decreased, the intensity of this peak increased,
indicating an increase in the content of phenolic hydroxyl
groups. However, quantifying this peak precisely remains
challenging because of the complexities involved in calculat-
ing its shape characteristics.

Measurement of Phenolic Hydroxyl Content Using
Differential UV Spectrophotometry

UV absorption of phenolic hydroxyl groups
Phenolic hydroxyl groups are typically nonionizable in nonpolar
or acidic solutions. However, under alkaline conditions, these
groups ionize to form phenoxide ions, as shown in Fig. 4. The
formation of phenoxide ions significantly enhanced the UV ab-
sorbance at approximately 250 and 300 nm. For example, when
TMBPA is exposed to a strong organic base, such as TEAH, in a
methanol solution, its UV absorption at these wavelengths in-
creases noticeably, as illustrated in Fig. 5(a). Subtracting the UV
spectra before and after the addition of TEAH yielded a differen-
tial UV spectrum (Fig. 5b), which highlighted the changes in-
duced by ionization. This ionization process resulted in two dis-
tinct differential UV peaks, confirming complete ionization of
the phenolic hydroxyl group in TMBPA in the TEAH environ-
ment.

As PPO is insoluble in methanol, dichloromethane, a non-
polar solvent, was selected because of its high solubility in
PPO. This ensured that PPO remained dissolved and did not
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Fig.3 FTIR spectra of PPO and redistribution products.
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Fig.4 lonization of phenolic hydroxyl groups in alkaline solution.
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precipitate, even after the addition of an alkaline solution. A
TEAH/methanol mixture was chosen as the alkaline organic
solution because it effectively promotes the complete ioniza-
tion of the phenolic hydroxyl group and provides better solu-
bility in the organic solvent system than conventional inor-
ganic bases such as potassium hydroxide. However, the limit-
ed solubility of PPO in methanol necessitates careful control
of the methanol content to maintain the solution stability
during testing. When a TEAH methanol solution with a con-
centration exceeding 12% was added to the system, slight
precipitation of PPO occurred. This effect is expected to be
even more pronounced for higher-molecular-weight PPO, po-
tentially leading to test failure. In contrast, the addition of
10% TEAH methanol solution did not cause precipitation of
any PPO sample used in this study. Therefore, the final solu-
tion mixture was prepared at a dichloromethane-to-methanol
volume ratio of 9:1.

As shown in the UV spectra in Fig. 6(a), the addition of the
TEAH/methanol mixture to the PPO-dichloromethane solu-
tion resulted in enhanced UV absorption peaks around 250
and 300 nm. This enhancement was clearly visible in the dif-
ferential UV absorption curve (Fig. 6b), which was derived by
subtracting the spectra before and after TEAH addition of
TEAH. These observations suggest that TEAH increases the al-
kalinity of the PPO-dichloromethane solution, promoting the
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complete ionization of the terminal phenolic hydroxyl group
of PPO. While PPO exhibits ionization behavior similar to that
of small phenolic molecules, it is important to note that the
UV absorption peaks of different phenolic compounds may
shift slightly owing to structural differences. For instance, UV
absorption peaks for the phenolic hydroxyl groups in BPA,
TMBPA, and PPO were observed at approximately 284, 289,
and 300-310 nm, respectively.

Establishment of measurement standard curve

Figs. 7(a), 7(c), and 7(e) show the differential UV spectra of DMP,
BPA, and TMBPA in dichloromethane at various concentrations
before and after the addition of the TEAH/methanol mixture.
Around 250 nm, these spectra exhibited a weaker linear rela-
tionship between absorbance and concentration, likely due to
the absorption effect of the solvent. In contrast, a more pro-
nounced linear relationship is observed at approximately 300
nm. At this wavelength, the maximum differential absorbance
was recorded for each compound, and the corresponding con-
centration of the phenolic hydroxyl groups was determined to
establish their relationship. It should be noted that DMP is a
phenolic monomer with a hydroxyl group at one end, and BPA
and TMBPA, each of which has hydroxyl groups at both ends,
follow the following relationships: [OH]pye = [DMP], [OHlgpp =
2[BPA], and [OH]pgpa = 2[TMBPA]. As shown in Figs. 7(b), 7(d)
and 7(f), the correlation coefficients for the curves of DMP, BPA,
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(@) UV spectra of the TMBPA solution before and after adding TEAH and (b) their differential UV spectrum.
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Fig.6 (a) UV spectra of the PPO-dichloromethane solution before and after adding TEAH and (b) their differential UV spectrum.
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Fig. 7 Differential UV spectrograms of ionization of three reference materials with different concentrations in alkaline solution: (a) DMP, (c) BPA,
and (e) TMBPA. The corresponding standard curves for absorbance at 300 nm versus the phenolic hydroxyl content: (b) DMP, (d) BPA, and

(f) TMBPA.

and TMBPA are all greater than 0.99, indicating excellent lineari-
ty. This suggests that the phenolic hydroxyl groups in these
compounds were completely ionized. More importantly, the dif-
ferential UV absorption of the terminal phenoxy groups before
and after ionization was strictly proportional to their respective
concentrations. This enables reliable quantification of phenolic
hydroxyl groups in these compounds within the concentration
range of 5x107°- 4x10™* mol/L.

Unlike these standard compounds, obtaining well-defined
or oligomeric PPO standards with specific molecular weights

is considerably more challenging. Consequently, construct-
ing a standard curve for directly determining the terminal
phenolic hydroxyl group content in PPO is not feasible. DMP,
a monomer used for synthesizing PPO, and both BPA and
TMBPA, which are standard compounds with double-termi-
nal hydroxyl groups, were selected as standards for measur-
ing the hydroxyl content of PPO.

The standard curves obtained for DMP, BPA, and TMBPA
were used to measure the phenolic hydroxyl content in the
PPO samples, as shown in Table 1. As the molecular weights
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Table 1 Phenolic hydroxyl content in PPO samples obtained based on standard curves of DMP, BPA and TMBPA.

Phenolic hydroxyl content (mmol/qg)

Sample
DMP standard curve BPA standard curve TMBPA standard curve
PPO 0.11 0.15 0.20
MPPO-1 0.28 0.41 0.40
MPPO-2 043 0.60 0.57
MPPO-3 0.55 0.77 0.72
MPPO-4 0.73 1.17 1.08
SA90 1.05 1.54 1.40

of MPPO-1 to MPPO-4 decreased sequentially, the phenolic
hydroxyl content increased. The phenolic hydroxyl contents
of the PPO samples, calculated from the standard curves of
DMP, BPA, and TMBPA, followed the trend predicted by their
molecular weights. However, discrepancies were observed in
the phenolic hydroxyl content derived from the three stan-
dard curves.

To further assess the reliability of these results, the pheno-
lic hydroxyl content of commercially available end-hydroxy
PPO (SA90) was measured using three standard curves. As
shown in Table 1, the phenolic hydroxyl content calculated
using the DMP-based standard curve closely matched the
manufacturer’s specified value (1.08 mmol/g), while the val-
ues calculated using the BPA-based and TMBPA-based stan-
dard curves were higher than the manufacturer’s value. Fur-
thermore, three repeated tests of the SA90 sample’s end-phe-
nolic hydroxyl group content were performed via differential
UV spectroscopy using a DMP-based standard curve, yielding
an average relative deviation of only 0.79%. This further sup-
ports the reliability of the DMP-based standard curve for mea-
suring the phenolic hydroxyl content in PPOs.

The ultraviolet (UV) absorption peak of a substance is close-
ly related to its molecular structure. In contrast to PPO, the
phenyl rings in BPA and TMBPA were linked by methylene
rather than ether bonds. Upon ionization in an alkaline solu-
tion, the conjugative effect of the phenoxide terminal group
was weaker and less pronounced than that of PPO, which
contains aromatic ether bonds. Consequently, BPA and TMB-
PA exhibit lower differential UV absorbance values. Therefore,
using these compounds as standards for measuring the hy-
droxyl content of PPO would lead to an overestimation of the
hydroxyl content. Furthermore, BPA lacks electron-donating
methyl groups at the ortho position of its phenolic hydroxyl
group, which further diminishes its differential UV ab-
sorbance. Therefore, when BPA was used as a standard, the
overestimation of PPO’s hydroxyl content of PPO became
more pronounced, which is consistent with previous experi-
mental findings.

In contrast, DMP, a monomer used to synthesize PPO, lacks
an ether bond connecting the phenyl rings present in the re-
peating unit of PPO. The delocalization effect of the benzene
rings in the PPO molecular chain, spanning from the ether
bond to the phenoxide terminal group, resulted in minimal
influence of the ether bond on UV absorption. Consequently,
the structural differences between DMP and PPO had a negli-
gible impact on their UV absorption in solution. Therefore,
DMP is more suitable as a standard material for measuring the
phenolic hydroxyl content in PPO.

Compared to the titration method, the differential UV spec-
troscopy approach presented in this study avoids errors aris-
ing from incomplete end-capping reactions and misjudg-
ment of the titration endpoint. By subtracting the UV ab-
sorbance curves before and after ionization, the method ef-
fectively minimizes the influence of factors such as solvent in-
terference. Compared to NMR spectroscopy, it offers addi-
tional advantages in terms of lower cost and higher efficiency.
Furthermore, this methodology can be extended to deter-
mine the phenolic hydroxyl content of a variety of polymer
materials, demonstrating its broad applicability.

CONCLUSIONS

A reliable and precise method for quantifying the phenolic hy-
droxyl content of PPO based on differential UV spectroscopy
was successfully developed. A mixture of dichloromethane and
methanol (9:1) was used as the solvent to prevent PPO precipi-
tation and minimize interference with the UV absorption of
phenolic hydroxyl groups, whereas TEAH served as the alkaline
ionization agent to fully ionize the phenolic hydroxyl groups in
PPO. By subtracting the UV spectra before and after TEAH addi-
tion of TEAH, a differential UV spectrum was obtained, showing
two absorption peaks at approximately 250 and 300 nm. The
differential UV absorption near 300 nm was directly proportion-
al to the phenolic hydroxyl concentration. software, enabling
the establishment of a standard curve. A comparison of the
curves constructed using DMP, BPA, and TMBPA as standards
indicates that the DMP-based curve provided the most accurate
results. This is attributed to the delocalization effect of the ben-
zene rings in the PPO molecular chain from the ether bond to
the phenoxide terminal group, which minimally influences the
UV absorption. Using the spectral difference before and after
ionization largely eliminated the effects of solvent interference
and baseline drift. This methodology can be extended to deter-
mine the phenolic hydroxyl content in various polymer materi-
als, offering valuable insights for material characterization and
quality control.
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This study presents a novel method for quantifying the phenolic hydroxyl content in poly(phenylene oxide) using differ-
ential UV absorption spectroscopy. The approach exploits the substantial increase in absorbance at 300 nm in alkaline so-
lutions, providing a precise and straightforward technique with distinct advantages over conventional methods.
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