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Abstract

Objectives. Determination of target products and byproducts is necessary for the quality control
of phthalonitrile monomer synthesis as well as production scaling and performing related kinetic
studies. High-performance liquid chromatography (HPLC) is a simple and affordable method for
quantitative chemical analysis, which also verifies the quality of raw materials. The objective
of this study was to develop an HPLC technique for determining the composition of the reaction
mixture in the synthesis of 1,3-bis(3,4-dicyanophenoxy)benzene (DPB).

Methods. Reversed-phase HPLC was used to quantitatively analyze the reaction mixture.
Results. A simple and rapid method for the quantitative HPLC analysis of phthalonitrile
monomers and their mixtures with reagents was developed. Reaction times and the accumulation
of byproducts were also studied.

Conclusions. The successful performance of the developed technique allows us to recommend
it for practical applications. The results obtained for reactors of different sizes have good
convergence, and DPB synthesis was successfully scaled up to intermediate scale equipment.
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AHHOMaAyus

Ilenu. /Ins aHaaumuuecko2o KOHMpPOJisi NPouU3800CcmMa8a hmaloHUMPUILHBIX MOHOMEPO8, U3yUe-
HUSL MACUUMAbUpo8aHUsT MEXHO02UU UX NOAYUEHUSL U NpogedeHUsl KUHemuUUYecKux ucciedoea-
HUll akmyansbHa 3a0aua no paspabomke cnocoba onpeodeseHust KOHUeHMpauuu yeneeozo U no-
b60ouHbLX NPOOYKMo8 8 npucymcmauu peazeHmos. Haubosnee npocmuvim u 00CmynHouim MemMoOoM
KONUUEeCMBEeHH020 AHANIU3A PACCMAMPUBAEMBLX COEOUHEHUTL S8/slemcst 8blcoK0ahhexmusHas
JKuokocmHast xpomamoepagpusi (BO2KX), nosgonsrowas makiKe npogooums epupukayuio Col-
Pbsi U KOHMPOab Kauecmea 2omoegoti npodykyuu. Llenv 0aHHOU pabombl 3aKOUANACL 8 PA3PA-
bomKxe MeMOOUKU KOAUUeCMBEeHH020 AHANU3A KOMNOHEHMO8 PeaKyUUOHHOT CMecu npu cuHmese
1,3-6uc(3,4-ouyuarogpeHorcu)beHzona (IBD) memodom BOZKX.

Memoost. /151 KOAUUECMBEHHO020 AHANIUSA KOMNOHEHMO8 PEeaKyUOHHOU CMeCU UCNOJb308ANU
Mmemo0 BOXKX e obpauieHHO-pa3080m pexcume.

Pesynemamet. PaspabomaHa npocmast u Oblempasi Memoouka KOAUUeCMBEHHO020 AHAAU3A
PManoHUMPUNBLHBLX MOHOMEPO8 U UX cmecell ¢ peazeHmamu memooom BOXKX. TTo OaHHbLM uc-
Cc1e008aGHUSL KOHBEPCUU KOMNOHEHMO8 PeaKUUOHHOU cmecu cOenaH 8ble00 0 NPOOOIKUMENbHO-
cmu peakyuu U HAKONJIeHUU noboUHbLX NPOOYKMOos.

Bbteoodst. YcnewHast anpobayus. no3gossiem peKkomeH008ams paspabomaHHyio MemoourKy Os
npumeHeHusl 8 aHaaumuueckolii npakmuke. Peayniomameul, nonyueHHsble npu nepexooe om peax-
yuu 8 Konbe Kk peakmopy obvemom 15 n, xapaxmepusyromes xopoweli cxooumocmoro. Cunmes
DB ycnewHo macuwmabupyemcest Ha 060pyoo8aHuUe NPOMEIYMmOoUuHoz20 macuimaba.
Knroueewle cnoea: 1,3-6uc(3,4-ouyuaHogperorcu)beH3on, eblcokoahpeKkmueHast sKUOKOCMHAS
Xxpomamoepagusi, KOAUUECMBEHHDbLUL AHAUS, MACULMAOUPOBAHUE, PMAIOHUMPUTbHBLE CES3YoULUe

Jna yumuposanusa: lexonnuna 3.H., boromo6oB A.A., 3axapoB A.1O., Bynrakos b.A., babkun A.B., Kenman A.B.
PazpaboTka METOAMKHN KOJIMUECTBEHHOTO aHAJIN3a [IEJIEBOT0 M TOOOYHBIX POAYKTOB cuHTe3a 1,3-0uc(3,4-munnanodeHoken)-0eH3oma
metonoM BOXKX. Toukue xumuueckue mexronozuu. 2021;16(1):88-98. https://doi.org/10.32362/2410-6593-2021-16-1-88-98

INTRODUCTION phthalonitrile resin compositions for PCMs [11-14]
o o is 1,3-bis(3,4-dicyanophenoxy)benzene (DPB) (3), a
Phthalonitriles are promising compounds to

product of the reaction between 4-nitrophthalonitrile
(4NPN) (1) and resorcinol (2) [15]. The thermal
properties of DPB and a corresponding polymer!' are

produce highly heat-resistant resins and polymer
composite materials (PCMs), which are widely utilized

in the space and aviation industries. Phthalonitrile
matrices have good mechanical characteristics, low
moisture absorption, high heat resistance, and are
currently the most thermally and oxidatively stable
polymers [1-7].

Along with low-melting phosphorus containing
monomers [8—10], an important component of

presented in Table 1 [15]. This data demonstrates the
high heat-resistance of the thermoset plastic derived
from DPB.

! The authors used 2.4 mol % 1,3-bis(3-aminophenoxy)benzene for
curing DPB.  The process was conducted in a nitrogen
atmosphere according to the following temperature regime: 2 h at
250°C,2 hat 325°C, 4 h at 350°C, and 8 h at 375°C.
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Table 1. Thermal properties of 1,3-bis(3,4-dicyanophenoxy)benzene (DPB)

and a DPB-based polymer

Monomer Cured matrix
mp*, °C Tg**, °C %, N, °C Char yield (at 900°C), N,, %
185-190 >400 527 70

* Melting point;
** (lass transition temperature;
**% Temperature at 5% mass loss.

DPB is synthesized in an aprotic dipolar solvent in
the presence of a base (potassium carbonate), forming
4-(3-hydroxyphenoxy)phthalonitrile (HPPN) (4) and
3,3"4,4'-tetracyanodiphenyl ether (PN20) (5) as
byproducts. The reaction scheme and byproduct structures
are shown in Fig. 1.

An effective way to quantify target compounds and
byproducts in the presence of reagents is required for the
analytical control of the phthalonitrile resins production
and for performing relevant kinetic studies during
production process optimization. High-performance
liquid chromatography (HPLC) is the simplest and
most accessible method of quantitative analysis for the
compounds under consideration, and it also allows to
carry out quality control of the raw materials and products.

Scaling up the synthesis of phthalonitrile monomer
DPB is an important step in producing high heat resistant
resins at industrial level, which also requires precise
analysis of the composition of the reaction mixture for
the technical control of the synthesis.

This study aimed to develop an HPLC protocol for the
quantitative analysis of the target products and byproducts
of DPB synthesis in order to effectively scale up the
reaction from laboratory to intermediate scale equipment.

EXPERIMENTAL

Equipment and reagents
Equipment: Agilent 1260 Infinity LC with a diode
array detector (Agilent Technologies, USA) and an
ultrasonic bath.

Column: Zorbax C18 Eclipse Plus 4.6 x 100 mm,
3.5 um phase (Agilent Technologies).

Reagents: Resorcinol (99%, Sumitomo Chemical Co.,
Japan); 4NPN (99.5%, CDH Chemicals, India); acetonitrile
(A) (used without further purification) (HPLC, CHIMMED,
Russia); and degassed water (B) (Werner UP60B ultrafine
cleaning system).

DPB for constructing calibration curves was
obtained as described in [15], purified by extraction
chromatography (chloroform eluent and silica gel phase),
and recrystallized from dimethylacetamide.

HPPN for constructing calibration curves
was obtained as described in [16] and purified by
extraction chromatography (chloroform eluent and
silica gel phase).

PN20O for constructing calibration curves
was obtained as described in [17] and purified by
recrystallization from dimethylacetamide.

HPLC analysis of the components
of the reaction mixture

A test sample weighing 100 = 3 mg was added to
10 mL of acetonitrile and left in an ultrasonic bath for
10 min. Insoluble impurities were removed using a
0.45 pm pore syringe filter. In chromatographic vials,
900 pL of acetonitrile was added to 100 pL of the
filtrate solution, and HPLC analysis was carried out
according to the parameters listed in Table 2.

Method for DPB synthesis in a 2-L flask

A 2 L three-necked flask, equipped with a

reflux condenser and mechanical paddle stirrer, was

N N N
S NO, HO OH KyCO,3 S o] 0 =
2 )@F U e >© 7 7@(
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Fig. 1. 1,3-bis(3,4-dicyanophenoxy)benzene synthesis scheme.
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Table 2. Parameters of the HPLC system

Chromatographic system parameters Value
Elution mode Isocratic
Flow rate 1.0 mL/min
Analysis time 10 min

Eluent composition

Acetonitrile and water

Solvent ratio (acetonitrile : water, v:v) 55:45
Injected sample volume 3ulL
Column temperature 30.0°C

Detection wavelengths

258 nm, 276 nm

loaded with 138.7 g (1.260 mol, 1 equiv) of resorcinol
and 836 mL of dimethylacetamide. After degassing at
70°C with a residual pressure of 20 mbar and stirring
at 300 rpm for 1 h, the system was filled with argon.
To the resulting solution, 382.5 g (2.768 mol,
2.2 equiv) of powdered potassium carbonate was
added and stirred, the degassing was repeated, and
the system was again filled with argon. Then, 436.0 g
(2.518 mol, 2 equiv) of 4NPN was added in a weak
argon counterflow. The synthesis was carried out at
70°C with constant stirring for 24 h, and samples
were collected at specified time intervals (Fig. 7).
The reaction mass was then poured into 3010 mL of
water and stirred for 1 h. The precipitate was filtered,
washed on the filter three times with 93 mL of hot
water for each wash, and dried at 80°C for 24 h. The
obtained product was a light yellow powder with a
yield of 388.1 g (85%).

The 'H and "C nuclear magnetic resonance
(NMR) spectra were recorded on a Bruker Avance III
spectrometer (Bruker, USA) with operating frequencies
of 600 and 151 MHz, respectively.

'H NMR (600 MHz, DMSO-d,) 6 ppm, 7.05-7.24
(m, 3 H), 7.55 (dd, J = 8.70, 2.17 Hz, 2 H), 7.60 (t,
J=7.70Hz, 1 H), 7.92 (d,J=2.17 Hz, 2 H), 8.13 (d,
J=28.70 Hz, 2 H).

"C NMR (151 MHz, DMSO-d,) 6 ppm, 108.63
(3 C), 112.72 (4 C), 115.35 (4 C), 115.84 (5 ©), 116.73
(30),117.41 (7 C), 122.23-123.36 (14 C), 132.25 (4 C),
136.25 (8 C).

The NMR spectra of the target product corresponded
with previously reported data [18].

Method for DPB synthesis in a 15-L reactor

A glass reactor with a 15 L volume was loaded
with 1040.2 g (9.447 mol, 1 equiv) of resorcinol
and 6240 mL of dimethylacetamide. The solution

was stirred at 120 rpm, heated to 70°C, and degassed
for around 1 h at a residual pressure of 20 mbar. The
apparatus was then filled with argon.

In a weak argon countercurrent, 2872.3 g (20.782 mol,
2.2 equiv) of dry powdered potassium carbonate was
added. The degassing process was repeated without
stirring, and the system was refilled with argon while
cooling to 20°C. In a weak argon counterflow, 3271.1 g
(18.894 mol, 2 equiv) of 4ANPH was added in four to five
doses with periodic stirring. The synthesis was performed
at 70°C with constant stirring for 24 h.> The suspension
was poured from the reactor into an intermediate vessel,
then water (22500 mL) was quickly added and stirred with
a spatula until the product solidified. The suspension was
then filtered using the same suction filter, keeping all of
the collected filter cake solids on the filter. The reactor was
then heated to 100°C and rinsed with water in portions
and stirred for around 10 min. The filter cake was washed
using this water at 95°C in the filter jacket by transferring
it through an intermediate vessel and stirring the filter cake
after each wash, requiring a total of 8300 mL of water for
three washes. The substance from the suction filter was
transferred onto trays and dried for 48 h at 80°C, giving
a yield of 2909.6 g (85%) of the product in the form of a
light yellow to yellow powder.

Reaction mixture sample preparation
for HPLC analysis

Distilled water was added to approximately 3 mL of
the reaction mixture and acidified at a ratio of 1.0 : 3.6
with glacial acetic acid. The resulting suspension was
filtered through a glass filter, leaving a precipitate that was
washed with ~12 mL of distilled water three times and
then dried at 80°C.

2 During composition analysis, the reaction mixture was mixed
for 54 h and samples were collected after predetermined
periods of time.
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RESULTS AND DISCUSSION

Development of a procedure for analyzing
the components of the reaction mixture by HPLC

Determination of the maximum working
concentration. Portions of resorcinol, 4NPN, HPPN,
and DPB each weighing 100 = 3 mg were mixed with
10 mL of acetonitrile, and the resulting solutions were
placed in an ultrasonic bath for 10 min.

Reference solutions with concentrations of 0.25,
0.50, 0.75, 1.00, 1.25, 1.50, and 1.75 mg/mL of each
component were diluted with acetonitrile from the initial
solutions in chromatographic vials.

Chromatographic separation was performed in the
gradient mode, as outlined in Table 3.

A section of the resulting chromatogram containing
the peaks of the test substances is shown in Fig. 2.

As can be seen from the chromatogram, at the same
analyte concentrations the maximum peak height (H) is
typical for HPPN. It is also clear that baseline resolution
of the peaks corresponding to 4NPN and HPPN will be
most critical for the success of the method. Table 4
shows the HPPN peak height A dependence on its
concentration C in the model solution.

Table 4 shows that the maximum concentration with
acceptable detector response is 1.25 mg/mL. Further
tests were conducted at this concentration.

The substance PN20O is characterized by low
solubility in acetonitrile. To prepare a reference solution,

10 = 3 mg PN20 and 10 mL acetonitrile were kept in
an ultrasonic bath for 10 min, which achieved complete
solubilization.

Because the proportion of PN20O in the target product
does not exceed 5%, the maximum concentration was
chosen to be 0.10 mg/mL (10% of 1.00 mg/mL).

Determination of working wavelengths. Figure 3
shows the absorbance spectra of the analytes.

The substances 4NPN, HPPN, DPB, and PN20O
have three characteristic absorption maxima in
the UV-Vis range. Usually, they are analyzed at a
wavelength of 258 nm; however, in this region of the
spectrum, resorcinol has a much lower absorption
and its maximum absorption is observed at 276 nm.
Therefore, for the sensitive chromatographic analysis
of their mixture, using two wavelengths is advisable,
i.e., 258 and 276 nm.

Eluent composition. To determine the optimal
composition of the eluent, analysis was conducted in
isocratic mode with acetonitrile to water ratios of 40 : 60,
50 : 50, and 60 : 40.

The isocratic mode was chosen because it is more
stable than the gradient mode and allows recycling of
the solvent, which contributes to significant savings in
acetonitrile.

When the composition of the eluent was 40 : 60
acetonitrile to water, the DPB peak was not observed for
more than 40 min before the analysis was interrupted.

Table 3. Gradient mode for determining the maximum concentration with acceptable detector response

Time, min 0-26 26-31

31-34 34-38 3840

A, % 55 55-98

98 98-55 55

3500 - 2 3
3000 -
2500 - 1
2000 -
-
g 1500
1000 -
500

Fig. 2. Chromatogram of the reference solutions at 224 nm: (1) resorcinol, (2) 4-nitrophthalonitrile (4NPN),
(3) 4-(3-hydroxyphenoxy)phthalonitrile (HPPN), and (4) 1,3-bis(3,4-dicyanophenoxy)benzene (DBP).
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Table 4. HPPN peak height at different concentrations, signal recorded at 224 nm

H, mAU 1112 2219 2879 3149 3250 3277 3308
C, mg/mL 0.25 0.50 0.75 1.00 1.25 1.50 1.75
3000
2000
=]
;5
1000
0
210 230 250 270 200 310 330 350 370 390
nm
a
4000
3000
e
- 2000
g
1000
0
210 230 250 270 290 310 330 350 370 390
nm
b
4000
3000
o
-4 2000
=
1000
0
210 230 250 270 290 310 330 350 370 390
nm
c
3000
2000
;5
1000
0
210 230 250 270 290 310 330 350 370 390
nm
d
300
200
E
100
0
210 230 250 270 290 310 330 350 370 390
nm
e

Fig. 3. Absorbance spectra of (a) resorcinol, (b) 4NPN, (c) HPPN, (d) DPB, and (e) 3,3',4,4'-tetraciano diphenyl ether (PN20).
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At a solvent ratio of 50 : 50, the separation time of the
components was 15 min, and at 60 : 40, it was 7 min;
however, in the latter case, the peaks were not sufficiently
resolved.

Further tests were conducted at various solvent ratios
ranging from 50 : 50 to 60 : 40. The results for 4NPN,
the compound from the critical pair which elutes first, at a
wavelength of 258 nm, are presented in Table 5.

Based on the time taken and the resolution of the
critical pair, the acetonitrile to water ratio of 55 : 45
was considered optimal for the separation. Notably,
the chromatogram obtained after washing the system
does not show peaks of the analytes, and the change
in the absorption of the baseline is only because
of the contribution of the acetonitrile. The three-
dimensional (3D) spectrum that demonstrates this is
shown in Fig. 4.

Determination of the linearity range of the
calibration curves. Figure 5 shows the dependence of
the peak are on the concentration of the analytes.

These graphs show that the dependences are linear
throughout the studied mass percent concentration
range.

Conversion of reagents in the synthesis of DPB.
DPB was synthesized in both a 2-L flask and a 15-L
reactor (Fig. 6).

The quantity of analytes in samples of the reaction
mixture was determined by the optimized HPLC
protocol above, and averages were calculated from the
results of two parallel analyses of each sample.

Then, the ratio of molar fractions (o) of the analytes
was calculated, and the same reaction conditions were
maintained in the scaled up 15-L reactor.

Figure 7 charts the conversion of the analytes, with
¢t =0 as the moment 4NPN was added.

Fig. 4. 3D spectrum plotted during column washing.

The reaction proceeds via the intermediate HPPN
that reacts with 4NPN to obtain the target product. The
quantity of HPPN in the samples initially decreases
gradually and then remains constant.

The DPB content reaches a plateau approximately
20 h after the start of the reaction, and the degree of
4NPN conversion reaches a maximum approximately
45.5 h.

A sharp increase in the amount of PN2O is
observed in the initial section but then reaches a
plateau approximately 20 h after the start of the
reaction.

The data obtained for the 2-L and 15-L syntheses
are roughly the same, indicating that the scaling up
of the synthesis of DPB is achievable and effective.

CONCLUSIONS

This study developed a rapid and simple
method for the quantitative analysis of phthalonitrile
monomers (HPPN and DPB), resorcinol, 4NPN, and

Table 5. Chromatographic parameters of the 4NPN peak at various solvent ratios

A, % Total run time, min Resolution to HPPN peak Symmetry Efficiency
50 15 6.20 0.73 6580
52 12 5.18 0.72 6149
54 11 4.38 0.72 5726
55 10 3.88 0.71 5250
56 9 3.66 0.70 5280
58 8 3.01 0.70 5139
60 7 2.51 0.70 4640
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Fig. 5. Calibration curves for (a) resorcinol 276 nm, (b) 4NPN 258 nm, (¢c) HPPN 258 nm, (d) DPB 258 nm,
and (e) PN20 258 nm. C, % corresponds to mass percent.

Fig. 6. 15-L reactor.

PN20O by reversed-phase HPLC. Our technique is
effective for a wide range of analyte concentrations
and can determine impurities as low as 0.5% of the
content of each compound.

Through our analysis of the composition of the
reaction mixture, we were able to determine both the
reaction time and related byproducts of the synthesis.
Finally, from our successful syntheses in both 2-L and
15-Lreaction volumes, we conclude that phthalonitrile
monomer DPB synthesis can be effectively scaled up
from the laboratory scale to the intermediate scale
equipment with no changes in reaction conditions.
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Fig. 7. Conversion of (a) 4NPN, (b) PN20O, (c) HPPN, and (d) DPB. Green is the synthesis in a 2-L flask,
and blue is the synthesis in a 15-L reactor.
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