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Abstract

Kinetic studies of the reaction of 4,4'-methylendiphenyldiamine (MDA) with triphosgene
(bis(trichloromethyl) carbonate, BTC) in chlorobenzene (MCB) were performed at various tempe-
ratures in online mode using IR and Raman spectrometry. Thus, the possibilities of analyzing reaction
intermediates for subsequent application of these methods in a pilot plant were considered. Individual
IR spectra of MDA and MDI in monochlorobenzene were obtained. A method for online control of MDI
accumulation during the reaction using IR spectrometry has been developed.

Keywords: Kinetic studies; Online monitoring; IR spectroscopy,; Raman spectroscopy, 4,4'-methylendiphenyldiamine
(MDA),; Methylendiphenyldiisocyanate (MDI); Phosgenation.

1. Introduction

The phosgenation reaction of 4,4' - methylendiphenyldiamine (MDA) is one of the simplest
ways to produce methylendiphenyldiisocyanate (MDI) [1-21, In this case, the gaseous phosgene
can be replaced with a more convenient solid triphosgene [3-41 (Figure 1).
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Figure 1. The MDI synthesis reaction

In terms of toxicity, triphosgene is very close to phosgene. Therefore, studying the kinetics
of this reaction, direct sampling is significantly complicated. Online chemical reaction moni-
toring, which is a separate branch of the chemical industry, is widely used to study systems,
which are air sensitive, toxic, explosive or being under pressure. Online monitoring allows
detecting the start and ending times of reaction, to determine the effects of intermediates,
temperature, dosing or mixing rates, and to understand the kinetics and mechanism of the reaction.

For direct sampling, one of the most commonly used analysis methods is high performance
liguid chromatography (HPLC), and for online monitoring, FT-IR spectroscopy [3-], and similar
Raman spectroscopy [7-8], are the most suitable. During online monitoring, absorption data
(3D spectrum) is tracked over time or converted to concentration values (2D graph) after
offline NMR calibration. Based on spectroscopic data obtained in real time, a direct quantitative
study of reagents and reaction products can be performed.

Both Raman and FT-IR spectroscopy provide a spectral characteristic of molecules vibra-
tions ("molecular fingerprint") and are utilized to identify substances. FT-IR spectroscopy helps
to create trends and profiles of reactions in real time by providing very accurate information
about the kinetics, mechanism, reaction pathways and the effect of synthesis parameters on
the target product. In this regard, high data density leads to a significant reduction in the
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experiments number. An important advantage of IR probes is their ability to work in conditions
of low and high temperatures, low and high pressures, in acidic, alkaline, caustic, corrosive
and aqueous media, which allows them to analyze wide variety of chemical processes.

Raman spectroscopy provides information about intramolecular and intermolecular vibra-
tions and helps to form a more complete view of the reaction. This type of analysis is sensitive
to many functional groups, and it is especially effective for obtaining information about the
molecular structure. The Raman spectrum characterizes molecules uniquely. Since Raman
spectrometry relies on bond polarizability and is able to measure low frequencies, it is sensitive
to crystal lattice vibrations that provide information about polymorphism. This allows using
Raman spectroscopy with great efficiency in the study of crystallization and other complex
processes for which FT-IR spectroscopy is less informative. However, when choosing Raman
spectroscopy as the method of analysis, it is necessary to take into account the propensity of
a particular sample to fluorescence. Raman scattering is a weak effect, and fluorescence can
muffle the signal, with making it difficult to obtain high-quality data. The solution to this prob-
lem is to use an excitation source with a longer wavelength.

Although IR and Raman spectroscopy are interchangeable in many cases and complement
each other well, there are differences that should be considered when choosing the method.
Most molecules with symmetry manifest themselves in both the IR and Raman spectra. A
special case is represented by molecules with an inversion center, the presence of which leads
to mutually exclusive Raman and IR bands, so the bond will be active only in one of the
spectra. There is a general rule: functional groups with strong changes in the dipole moment
are clearly visible in the IR spectrum, whereas functional groups with weak changes or with a
high degree of symmetry are better visible in Raman spectra.

The ReactRaman systems, which are devices with a universal design and best-in-class charac-
teristics, can be used for online monitoring. The spectrometer has a small size, lightweight and high
temperature stability, which allows performing accurate measurements in different conditions.
In addition, the ReactRaman system can be easily combined with FT-IR, particle characteri-
zation system and automated laboratory reactors for study in detail and control of the process.

2. Experimental part

2.1. Reagents

4,4'-methylendiphenyldiamine (MDA), triphosgene (BTC), chlorobenzene (MCB).
2.2. Equipment

EasySampler 1210 Mettler Toledo Sampler; FT-IR spectrometer ReactIR 700 SN: B943477161;

Settings used:

1. Detector: TEMCT; Apodization: Norton-Beer Medium; Probe: DiComp (Diamond); SN:
B946602782; Interface: AgX 9.5 mm x 1.5 m Fiber (Silver Halide); Sampling: 1950 to 750
cm!; Resolution: 4; Scan option: AutoSelect; Gain: Low);

2. Detector: TEMCT; Apodization: Norton-Beer Medium; Probe: DiComp (Diamond); SN:
B946602782; Interface: AgX 9.5mm x 1.5m Fiber (Silver Halide); Sampling: 3000 to 650
cm!; Resolution: 8; Scan option: AutoSelect; Gain: Medium);

3. Detector: TEMCT; Apodization: Norton-Beer Medium; Probe: DiComp (Diamond); SN:
B946602782; Interface: AgX 9.5mm x 1.5m Fiber (Silver Halide); Sampling: 3000 to 650
cm; Resolution: 8; Scan option: AutoSelect; Gain: Low);

¢ Raman spectrometer ReactRaman0213 (Serial Number: 10000213, Sampling from 3200 to
100 cm™; Probe Type: Fiber BallProbe®, dia: 9.5 mm, Probe SN: 0100379; Laser Power:
100 mW, Scans: 22, Exposure Time: .5 sec); Software: iC IR Mettler Toledo and iC Raman
Mettler Toledo.

2.3. The procedure of kinetic measurements

There were five experiments with different temperature conditions and concentrations. When
using only the FT-IR spectrometer (Table 1, N91), the synthesis unit was a three-necked kinetic cell
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with a thermostatically controlled jacket (coolant - PMS-10). The central neck was equipped with a
mechanical stirring device (stirring speed 250 rpm); antlered forstoss was placed in the lateral neck
with an automatic sampler EasySampler 1210 in the direct bend of the forstoss and backflow
condenser in the curved bend. The iC IR probe was placed into the second lateral neck.

When using both the FT-IR and Raman spectrometers (Table 1, N22-5), the unit was a
three-necked kinetic cell with a thermostatically controlled jacket (coolant - PMS-10) and a
magnetic stirrer bar (stirring speed 500 rpm). The iC Raman probe was placed into the central
neck, and antlered forstoss was equipped in the lateral neck with an automatic sampler
EasySampler 1210 in the direct bend of the forstoss and backflow condenser in the curved
one. The iC IR probe was placed into the second lateral neck.

After assembling the unit, chlorobenzene (MCB) and triphosgene (BTC) were placed into
the kinetic cell and mixed until completely dissolved. The reaction mass was heated to the
initial temperature (Tin), and the blank sample was taken. Then MDA was added, and the timer
started. Samples were taken using an automatic sampler with an interval of 2, 5, 8, 11, 15,
20, 30 min from the moment of adding MDA. Then, the temperature of the reaction mixture
was raised stepwise to the final temperature (Tsin), with controlling the reaction passing with
IR- or both IR- and Raman spectrometers.

Table 1. MDI synthesis conditions

MDA Mass ratio T T MDA FT-IR

Ne quantity, reactants 0'2:’ Of'(”:’ concentration, Spectra spectrometer
mol MDA:BTC M settings

1 0.0099 1:3 60 90 0.0396 FT-IR 2

2 0.0127 1:3 20 125 0.0635 FT-IR + Raman 2

3 0.011 1:10 40 129 0.055 FT-IR + Raman 2

4 0.023 1:3 30 140 0.115 FT-IR + Raman 3

5 0.023 1:3 30 140 0.23 FT-IR + Raman 1

2.4, Sample preparation and analysis

Using the EasySampler 1210 Mettler Toledo sampler, 20 pl of the reaction mixture was
taken, the stop reagent (dipropylamine in acetonitrile 1:10 v/v) was added, and the mixture
was diluted 110 pl of a 5% dimethyl sulfoxide (DMSO) solution in acetonitrile. Samples were
analyzed by reversed-phase high performance liquid chromatography (HPLC). Chromatographic
conditions are presented in Table 2.

Table 2. Chromatographic conditions

NO Name Characteristic

1 Chromatographic column Luna Omega PS C18. 150 x 4.6 mm, 3 ym, 100 Ax*
2 Mobile phase Purified water - acetonitrile in a ratio of 40 - 60

3 Chromatography mode Isocratic

4 Detector wavelength 254 nm

7 Mobile phase flow rate 1,0 ml/min

8 Injected sample volume 20 pl**

* -other columns may be used, provided the analytical system suitability criteria are met.
** correction of the volume of the injected sample is allowed in the case of working with diluted or concentrated samples.

The retention times of the determined components under the conditions described above
are shown in Table 3. The determination of the calibration coefficients (extinction coefficients)
was carried out in each individual case according to the chromatograms of standard solutions.

Table 3. Approximate retention times of the determined components

N° Name Estimated retention time, min
1 Dimethyl sulfoxide 3.0
2 MDA 3.5
3 Chlorobenzene 11.1
4 MDI 20.6
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2.5. The procedure of online monitoring of MDI synthesis during the reaction with
online IR-spectroscopy

Device: ReactIR 700 (SN: B943477161; Detector: TEMCT,; Apodization: Norton-Beer Me-
dium; Probe: DiComp (Diamond); SN: B946602782; Interface: AgX 9.5 mm x 1.5 m Fiber
(Silver Halide); Sampling: 1950 to 750 cm-1; Resolution: 4; Scan option: AutoSelect; Gain:
Low). Software: iCIR 7.1

The ReactIR 700 device was connected, and the IR probe was installed in the sampling
hole, so that there was no contact with the reaction mass at the initial moment. After running
the iC IR 7.1 program, all necessary service manipulations with the device was performed
before starting work. These manipulations included warming up the device to a temperature
above 30°C, wiping the probe in the base to eliminate all impurities from the tip of the probe.
Then the environment background was collected (Figure 2).

Probe Interface AgX 9.5mm x 1.5m Fiber (Silver Halide)
Probe Tip DiComp (Diamond} ~
Serial Number
Resolution Mormal (every & wavenumbers)
| Gain Medium
Scans per Sample AutoSelect
Wavenumber Range Start: End:
c . Last Background Collected: 12/25/2019 1:24:48 PM

Figure 2. The IC IR 7.1 program interface, collecting environmental background in the reactor

The program automatically subtracts this recorded background from the final spectra,
thereby reducing the noise of the received data. After recording the background, the IR probe
was immersed into the reaction mass and the "Quick start" mode was started. In the "Quick
start" mode, the reaction time can be set from 4 to 16 hours, the optimal time is 8 hours with
the 1 min interval between scans. The process starts by clicking the Play button. 5 minutes
after the start of the process before adding all the initial components, the spectrum must be
recorded, since this spectrum should be used as a solvent spectrum for subtracting from the
IR spectrum of the reaction mixture. That allows determining the trends of the formed sub-
stances more accurately.

After recording the solvent spectrum, the process started by setting the required temper-
ature and adding reagents step by step. Then, after adding the last reagent, the process of
searching for changes in peaks intensity over time was done in the Find Trends tab, with
characterizing each individual molecule by the peaks intensity. In this method, the wave-
lengths should be set manually (table 4). These wavelengths allow tracking intermediates and
final products online.

Table 4. Characteristic absorption wavelengths for online monitoring of MDI synthesis with IR spectroscopy

Ne Substance name IR absorption wavelengths
1384 cm™; 1528 cm™!
1022 cm; 1230 cm!?

1 Methylendiphenyldiisocyanate (MDI) 1498 cm: 1525 cmt
1143 ccm?; 1108 cm!

2 4,4'-Methylendiphenyldiamine (MDA) 1552 cm

3 (Methylenebis(4,1-phenylene))dicarbamic chloride (MDC) 1076 cm!

4 Triphosgene (BTC) 1180 cm

5 Phosgene 1804 cm; 839 cm!

3. Results discussion

The study was performed in three stages:
1. Determination of individual IR spectra of MDA and MDI in monochlorobenzene as a solvent;
2. Study of the reaction of MDI synthesis using online IR and online Raman spectrometers;
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3. Development of method for online control of MDI formation during the reaction using Ra-

man and IR spectrometry.

IR spectra were taken for 0.1%, 0.2%, 0.5% and 1% solutions of the reagents in chloro-

benzene using the FT-IR spectrometer Re

actIR 700 SN: B943477161 (Detector: TEMCT;

Apodization: Norton-Beer Medium; Probe: DiComp (Diamond); SN: B946602782; Interface:
AgX 9.5 mm x 1.5 m Fiber (Silver Halide); Sampling: 3000 to 650 cm; Resolution: 8; Scans:
128). IR spectra for 1% chlorobenzene solutions of individual substances (participants of the

chemical reaction) are shown in Figure 3.
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Figure 3. IR spectra of monochlorobenzene (1), 1% MDA in chlorobenzene (2), 1% triphosgene in chlo-

robenzene (3), 1% MDI in chlorobenzene (4)

Spectrum Name

1 MDI in MCB minus 1 - Xsopfieson (uncr) MCB
5-1 MDA in MCB 1 MDA in MCB minus 1 - Xpopfieros (usr) MCB

Identification of MDI and MDA can be ac-
complished by subtracting chlorobenzene
spectra from solutions spectra and determin-
ing characteristic wavelengths for MDA and
MDI (Figure 4). These wavelengths can be
used for online IR spectrometry.

Figure 4. Subtraction of chlorobenzene spectra
from spectra of MDA and MDI in chlorobenzene
solutions
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To study the reaction of MDI formation using online IR spectrometers and online Raman
spectrometers, five experiments were performed with different temperature conditions and
concentrations. During online IR and Raman spectroscopy, samples were taken and analyzed
by HPLC after sample preparation.

At the initial stage, the reaction was performed with a threefold mass excess of triphosgene
relative to MDA. The reaction temperature range was 60-90°C. The reaction duration was 4
hours, with monitoring trends using an IR spectrometer. The online results of IR spectroscopy
and 3D surface (change in peak intensity and time as parameters) for experiment 1 are shown
in Figure 5.
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Figure 6. HPLC data for 1,5 specimens for experiment 1
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Figure 6. HPLC data for 10 and 14th specimens for experiment 1

At the next stage, the temperature was increased stepwise from 20 to 125°C. The ratio of
reagents was unchanged. The reaction was controlled by IR and Raman spectrometers. The
reaction time was 5 h 42 min. The results of online IR spectrometry and 3D surface for online
IR spectrometry for experiment 2 are shown in
Figure 7.
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Experiment 2 demonstrates a larger accumulation of the final product (MDI). However,
along with MDI, intermediate products were still present in the final reaction mass. HPLC
analysis confirms this observation.
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Figure 8. HPLC data for 1,5,10 and 12t specimens for experiment 2

Chromatograms for the 1st (start of the reaction), 5th (15 min from the start of the reac-
tion), 10th (4 h 42 min from the start of the reaction) and the final 12th (5 h 42 min from the
start of the reaction) samples are shown in Figure 8.

The next step was an attempt to increase the excess of triphosgene significantly (to 10
times). The reaction temperature range was slightly changed to 40-129°C. Triphosgene and
MDA were added in portions of 10, 20, 30, 40, 60, 80, 100 mass % of the total amount of
BTC and MDA, with controlling the addition using iC IR and iC Raman. The reaction time was
9 hours and 15 minutes. The results of online spectroscopy and 3D surface (change in peak
intensity and time as parameters) for experiment 3 are shown in Figure 9 (for IR spectroscopy)
and figure 10 (for Raman spectroscopy).
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Figure 10. Online Raman spectroscopy of experiment 3 (left) and 3D surface of online Raman spectros-
copy (right)

The Raman spectrometer was unable to collect a sufficient amount of backscattering data
to the sensor device was able to show significant differences in the change of intensity over
time. In the next experiment, we used the original ratio of reagents, but amounts were in-
creased in order to improve result. The results of online Raman spectroscopy and 3D surface
(change in peak intensity and time as a parameter) for experiment 4 are shown in Figure 11.
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Figure 11. Online Raman spectroscopy of experiment 4 (left) and 3D surface of online Raman spectros-
copy (right)

Due to the fact that it is difficult to separate the MDI peak from other peaks (the resolution
was not enough), it was decided to add 5 grams of a premade MDI to the reaction mixture in
order to "highlight" the wavelengths that characterize MDI. This effect should be observed as
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the intensity of peaks increasing. The results of online Raman spectroscopy and 3D surface
online Raman spectroscopy after adding 5 grams of premade MDI are shown in Figure 12.

v «

MomeHT
pobaenexHuns /-M/«/ 300
\ 200
\tnd Wt

i
. 2C
P I TN £ 100

A R LN

172 a5 7/\9, 10 n 12 14/ s 16" g

00:00:00 02:00:00 04:00:00 06:00:00 08:00:00 10:00:00
Tipe 4

Figure 12. Online Raman spectroscopy (left) and 3D surface of online Raman spectroscopy (right) for
experiment 4 after 5 grams of premade MDI addition

It can be noticed that it is not possible to "highlight" the wavelengths that characterize the
MDI after the premade MDI addition. The intensity of peaks increases along the entire front
of the Raman shift wavelengths. This observation can be explained by the fact that the reso-
lution of the Raman spectrometer is insufficient and/or it is necessary to change the laser
power from 100 mW to a higher value, for example, 300 mW. In this case, a fundamentally
different form of Raman spectra will be observed.

The final experiment (N25) was performed with large amounts and high temperature. The
result of Raman spectroscopy of experiment 5 also did not show satisfactory results. All peaks
increase in proportion to the temperature rising, what makes it impossible to identify the
characteristic Raman shift of reaction products and intermediates with high accuracy (Figure 13).
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Figure 13. Online Raman spectroscopy of experiment 5

Experiments 4 and 5 demonstrated that sensitivity of the device and laser radiation equal
to 100 mW does not allow identifying the characteristic peaks for the reaction products and
intermediates with a high accuracy. However, the online IR spectroscopy demonstrated suf-
fitient results in determining both reaction products and intermediates (Figure 14).

Pet Coal (2021); 63(2): 305-316
ISSN 1337-7027 an open access journal

314



Petroleum and Coal

Trend Color Units

MDY Peak at 1076 em-1 Height
3F Peak at 1180 ¢cm-1 Height
1F_Peak at 839 em-1 Height
1F_Peak at 1804 cm-1 Height
MDA/MDX Peak at 1552 cm-1 Height
MDI? Peak at 1528 cm-1 Height
MR Peak at 1384 cm-1 Height
Peak at 1022 cm-1 Height
Peak at 1230 cm-1 Height
MDI? Peak at 1498 ¢m-1 Height
Probe Temp RegC
Peak at 1619 cm-1 Height
Peak at 1502 cm-1 Height

Figure 14. Online IR spectrometry of experiment 4 (left) and 5 (right)

During experiment 4 (after adding 5 grams of premade MDI), the characteristic absorption
wavelengths for MDI to control its accumulation in the reaction of MDA and triphosgene in a
chlorobenzene medium, on the ReactIR 700 equipment (SN: B943477161; Detector: TEMCT,;
Apodization: Norton-Beer Medium; Probe: DiComp (Diamond); SN: B946602782; Interface:
AgX 9.5 mm x 1.5 m fiber (silver halide); sampling: 1950 to 750 cm™!; resolution: 4; scan
option: Autoselect; Gain: Low) were found. These wavelengths are presented in Figure 15.
The absorption wavelength of 1384 cm! for MDI intersects with the IR spectra of other rea-
gents in the minimal degree.

Zerg. Peak at 1528 cm-1 Height
MDL Peak at 1384 cm-1 Height
Peak at 1022 cm-1 Height
Peak at 1230 cm-1 Height
Peak at 1498 cm-1 Height
Peak at 1525 cm-1 Height
Peak at 1143 cm-1 Height
Peak at 1108 cm-1 Height

Figure 15. IR absorption peaks of MDI in MCB that overlap with the absorption peaks of other sub-
stances minimally

Absorption wavelengths for monitoring other reagents in online IR spectroscopy are also
found (Table 3).
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4. Conclusion

Based on the results of the research, the following results were obtained:

e the individual IR spectra of MDA and MDI in monochlorobenzene were established;

e kinetic studies of the MDI synthesis reaction using the online IR and online Raman spec-
trometers were performed to identify the possibility of their use;

e the method for online control of the MDI synthesis reaction using IR spectrometry was
developed.

The development of a method for online control of the MDI synthesis reaction using Raman
spectrometry was not successful due to the low resolution of the equipment and the selected
laser power. The developed method using IR spectrometry allows applying this method to
control the reaction process in online mode for the pilot plant.
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