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Abstract Monitoring of chemical reactions in real-time is in
demand for process control. Different methods such as gas chro-
matography (GC), mass spectroscopy, infrared spectroscopy,
and nuclear magnetic resonance (NMR) are used for that pur-
pose. The current state-of-the-art compact NMR systems pro-
vide a useful method to employ with various reaction conditions
for studying chemical reactions inside the fume hood at the
chemical workplace. In the present study, an acetalization reac-
tion was investigated with compact NMR spectroscopy in real-
time. Acetalization is used for multistep synthesis of the variety
of organic compounds to protect particular chemical groups. A
compact 1 T NMR spectrometer with a permanent magnet was
employed to monitor the acid catalyzed acetalization of the p-
nitrobenzaldehyde with ethylene glycol. The concentrations of
both reactant and product were followed by peak integrals in
single-scan "H NMR spectra as a function of time. The reaction
conditions were varied in terms of temperature, agitation speed,
catalyst loading, and feed concentrations in order to determine
the activation energy with the help of a pseudo-homogeneous
kinetic model. For low molar ratios of aldehyde and glycol, the
equilibrium conversions were lower than for the stoichiometric
ratio. Increasing catalyst concentration leads to faster conver-
sion. The data obtained with low-field NMR spectroscopy were
compared with data from GC and NMR spectroscopy at 9.4 T
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acquired in batch mode by extracting samples at regular time
intervals. The reaction kinetics followed by either method
agreed well. The activation energies for forward and backward
reactions were determined by real-time monitoring with com-
pact NMR at 1 T were 48 + 5 and 60 + 4 kJ/mol, respectively.
The activation energies obtained with gas chromatography for
forward and backward reactions were 48 +4 and 51 +4 kJ/mol.
The equilibrium constant decreases with increasing temperature
as expected for an exothermic reaction. The impact of dense
sampling with online NMR and sparse sampling with GC was
observed on the kinetic outcome using the same kinetic model.

Keywords Compact NMR spectroscopy - Reaction
monitoring - Acetalization - Kinetic model - Gas
chromatography - Activation energy - High-field NMR

Abbreviations
1D One-dimensional
CDCl;  Deuterated chloroform

EG Ethylene glycol

FID Free induction decay

GC Gas chromatography

mM Millimolar

NMR  Nuclear magnetic resonance
pm Parts per million

PTFE  Polytetrafluoroethylene
RPM  Rotations per minute

RTD Residence time distribution
Introduction

Optimization of chemical processes is of central importance in
process engineering. Efficiency, stability, information content,
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economy, etc. are the parameters which are normally desired
for choosing an analytical method. Depending upon the type
of information required, different methods such as chromatog-
raphy, mass spectrometry, calorimetry, gravimetric analysis,
spectroscopy, etc. are used for chemical process engineering.

Nuclear magnetic resonance (NMR) is a unique analytical
technique, because it is quantitative [1]. No calibration is re-
quired under correct acquisition conditions. This makes it par-
ticularly interesting for reaction monitoring. NMR spectros-
copy is generally used for determining the structure, confor-
mation, purity, percentage yield, and kinetic isotope ratio of
the reaction products in synthetic as well as in natural product
chemistry [2]. Usually, a chemical reaction can be monitored
in three ways: (a) at-line, (b) batch wise, and (c) online. In at-
line reaction monitoring, the chemical reaction proceeds in-
side the NMR tube as a batch following addition of the reac-
tion components and mixing them by simply shaking the tube
for a while. After insertion into the spectrometer, the reaction
mixture needs to settle for some time to avoid convection
before the NMR observation can begin. Spectra of the reaction
mixture are then recorded in regular time intervals to follow
the reaction progress. In batch mode reaction monitoring, the
chemical reaction is conducted outside the analytical instru-
ment such as the NMR spectrometer. Aliquots are taken from
the reaction mixture in suitable time intervals and prepared as
solutions for analysis in a laboratory, for which NMR spec-
trometers are normally distant from the chemical synthesis
laboratory. In online monitoring, the chemical reaction is per-
formed outside the magnet and the reaction mixture is flown
continuously through the magnet using the suitable tubing at a
desired flow rate. Spectra of the flowing mixture are recorded
in regular time intervals depending upon the 7 relaxation
time of the slowly decaying component in the reaction mixture
to obtain the spectrum under equilibrium conditions.
Monitoring a reaction in batch mode has two disadvantages;
one is the limitation of the time resolution by the rate of
collecting aliquots, and the other is the need to quench the
reaction in the aliquots. Quenching often demands particular
solvents, reagents, and separation processes such as centrifu-
gation. None of these applies to online monitoring as long as
sensitivity and speed of measurement are compatible with the
reaction. Special setups have been designed for reaction mon-
itoring using high-field NMR spectroscopy in dedicated lab-
oratories. These setups include rapid injection [3] and stopped
flow operations [4] in order to transfer the reaction mixture
quickly into the magnet. In recent years, reaction monitoring
techniques have been developed by which a reaction mixture
can be passed through conventional 5-mm-diameter sample
tubes inside a superconducting magnet [5—7].

Today’s state-of-the-art spectrometers provide superior
sensitivity and resolution so that a wider range of chemical
reactions can be studied. Until recently, all modern NMR
spectrometers were equipped with superconducting magnets,
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which enable high magnetic fields, for high sensitivity and
high chemical-shift dispersion. Most of these magnets are
too large and delicate to operate within an ordinary chemical
synthesis laboratory. Moreover, they demand expert training
for operation and maintenance, as well as the budget for cryo-
genic cooling. Apart from operational complexity, these large
magnets necessitate long tubes to loop the reactant from the
reactor through the magnet, which delay the time between
reaction and measurement, and limit the time resolution by
flow dispersion. As a partial solution to these problems, flow
cells which are optimized to the flow regime and NMR relax-
ation times [8] can be used to obtain spectra with the best
possible sensitivity and resolution. Nevertheless, due to the
long time delay of the fluid looping through the magnet, the
difference in reaction parameters for the reaction mixture in-
side the reactor and the reaction mixture inside the NMR mag-
net can impact the information derived from the NMR spectra.
Consequently, mostly slow reactions are monitored at ambient
conditions with such instruments [9]. Multiphase reactions
present a particular challenge, because they need to be contin-
uously agitated to remove the mass transfer resistance. While
there is no general solution to these issues today, small and
compact NMR spectrometers with permanent magnets are
maintenance free, can be set up in the chemistry laboratory,
and require much shorter feed lines [10]. Despite their lower
field strength, they give sufficient sensitivity and spectral dis-
persion and bear promise to alleviate many of the challenges
mentioned above.

With desktop NMR spectrometers, the delay from sample
preparation to spectrum analysis can be shortened to a few
minutes when setting up the spectrometer in the chemistry
laboratory. As an alternative to thin-layer and gas chromatog-
raphy, compact NMR spectroscopy [11] can serve to monitor
chemical reactions in a simple and accurate way [12, 13],
especially when the initial reaction rates are critical. Because
the measurement happens in real time, the NMR parameters
can be employed to control the reaction conditions and
kinetics.

Gas chromatography (GC) is a very stable, sensitive, and
standard method used in process engineering where very few
microliters of the sample are required to perform the measure-
ment [14]. Helium or nitrogen need to be used as a carrier gas
for the mobile phase. The stationary phase has to be chosen to
suit the particular samples in order to avoid detrimental chem-
ical interactions with the sample. The measurement times of
the GC can be long depending upon the retention time of the
reactants, products, and intermediates. On the other hand, the
chemical shift range for 'H nuclei lies within the range of 0 to
12 ppm which is usually sufficient for detecting the 'H nuclei
from reactants, products, and intermediates using '"H NMR
spectroscopy. The sensitivity of table top NMR spectrometers
suffices to acquire a "H NMR spectrum in a single shotin 15s.
Online NMR provides densely sampled data compared to GC
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which provides sparsely sampled data, therefore densely sam-
pled data can provide more reliable kinetic information than
sparsely sampled data. NMR is a calibration-free method be-
cause of the linearity between the absolute signal area to the
number of spins and sample concentration. Compact NMR
systems do not require any helium filling. In terms of stability
and sensitivity, GC measurements are similarly stable and
accurate but more sensitive than compact NMR
measurements.

Acetalization reactions are used in a variety of chemical
syntheses to protect functional groups in the chemistry of car-
bonyl compounds and intermediate products [15]. Aldehydes
are unstable in alkaline conditions and the carbonyl groups
need to be protected against the reduction from nucleophilic
groups. Carbonyl compounds can be converted via
acetalization into many other functional groups, such as acy-
clic and cyclic acetals (1, 3-dioxolanes), which serve as inter-
mediates in chemical and biochemical syntheses [16].
Acetalization reactions produce major intermediates in the
polymer, fragrance, and pharmaceutical industries. Many bi-
ologically active compounds, which have aryl, alkyl, imidaz-
ole, triazole, pyrazole, benzimidazole, benzotriazole,
oxypurine, pyrimidinyl, and naphtyl groups linked to a 1, 3-
dioxolane ring at positions 2, 4, or 5 are important to the
pharmaceutical industry, because of their use in antifungal,
antibacterial, antineoplastic, and antiviral drugs [17].
Depending on the structure of the substrate molecule, each
compound exhibits different properties. Acetals are used for
increasing the cetane number of fuel, for example as diesel
additives, in order to improve the combustion by shortening
the ignition delay [18]. Moreover, 1,3-dioxolanes are used in
electrolytes of batteries [19]. Different methods and strategies
have been followed to produce 1,3-dioxolanes and monitor
their syntheses [20, 21]. 1,3-Dioxolanes (cyclic acetals) are
usually formed from benzaldehyde or other aromatic alde-
hydes by reaction with ethylene glycol in the presence of acid
catalysts [22]. This path involves a cyclic ring formation,
which favors formation of the product rather than return to
the reactant.

Reliable kinetic and thermodynamic data are available for
acetalization reactions, studied with gas chromatography [23,
24]. This work reports the kinetics of an acetalization reaction
monitored with a compact NMR spectrometer at 1 T in com-
parison with gas chromatography and NMR at 9.4 T. An effi-
cient and easy way is presented to monitor the acetalization
reaction and analyzing it by controlling different reaction pa-
rameters, such as temperature, catalyst concentration, initial
reactant concentrations, and agitation speed. The reaction ki-
netics, order, equilibrium conversion, equilibrium conditions,
and activation energy are interpreted in terms of a pseudo-
homogeneous kinetic model. The results obtained are com-
pared with results from gas chromatography and NMR spec-
troscopy at 9.4 in batch mode, showing very good agreement.

Materials

Ethylene glycol, p-nitrobenzaldehyde, p-toluenesulphonic ac-
id, sodium bicarbonate, and sodium chloride were purchased
from Sigma Aldrich Chemie GmbH, Steinheim, Germany.
Toluene was purchased from Th. Geyer GmbH and Co. KG,
Renningen, Germany. Acetone and isopropanol were obtained
from the chemical shop of RWTH Aachen University. 2-(4-
Nitrophenyl)-1, 3-dioxolane was synthesized by performing
the acetalization reaction in the laboratory at ITMC. The syn-
thetic procedure is given in the supplementary information.

Experimental
Acetalization reaction

The acid-catalyzed acetalization of p-nitrobenzaldehyde (1) with
ethylene glycol (2) (Scheme 1) was studied in the temperature
range from 333 to 370 K for the synthesis of 2-(4-nitrophenyl)-
1, 3-dioxolane (3). In each experiment, p-nitrobenzaldehyde
(0.55 mol L") and p-toluene sulfonic acid monohydrate
0.2 wt% were dissolved in 150 ml toluene (solvent) contained
in a 500 ml three-necked round-bottom flask. After proper
mixing, ethylene glycol (0.55 mol L") was added with a sy-
ringe. The solution was refluxed with a condenser. The reaction
mixture was stirred at a rate of 200 RPM with the mechanical
stirrer to avoid mass transfer effects due to the viscous behavior
of ethylene glycol at room temperature and at lower stirring
speeds. During each measurement, 2 ml of sample were taken
with a syringe after different time intervals at 2, 5, 10, 15, 25, 35,
45, 60, 90, 100, 150, 210, 270, 360 min and so on depending
upon the reaction time. Each sample was quenched with 4 ml of
saturated solution of sodium bicarbonate. The resultant solution
was shaken for a while and then added to the separating funnel.
In the separating funnel, saturated solution of sodium chloride
(4 ml) was added and then shaken again. After some time, the
solution separates into two phases. The lower layer contains the
unreacted ethylene glycol and water, and upper layer contains
toluene, unreacted reactant (p-nitrobenzaldehyde), and product
(2-(4-nitrophenyl)-1, 3-dioxolane). The lower layer was taken
away and the upper layer was used for the batch analysis with
gas chromatography and NMR spectroscopy at 9.4 T.

Online NMR setup for compact NMR spectroscopy

A compact NMR spectrometer (Magritek Spinsolve) was
employed for studying the acetalization of the p-
nitrobenzaldehyde with ethylene glycol to yield 2-(4-nitrophe-
nyl)-1, 3-dioxolane at different temperatures ranging from 333
to 370 K (Fig. S1).
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Scheme 1 Overall reaction
between p-nitrobenzaldehyde and H O
ethylene glycol H

ON H

Flow setup and temperature

The reaction mixture was circulated through the NMR magnet
(Fig. 1a) with a specially designed flow cell of 5 mm outer
diameter in the center near the sensitive volume and 1 mm
outer diameter away from the center (Fig. 1b). The flow cell
was connected to PTFE (polytetrafluoroethylene) tubing of
1/16”" OD and 1 mm ID. The tubing was inserted into the
reactor and connected to a peristaltic pump forming a closed
loop through the NMR spectrometer. The reactants which are
not completely miscible when present in the reactor require
rigorous stirring. The rigorous stirring cannot be performed
using at-line NMR procedures, which are usually employed
with high-field NMR. Therefore, online NMR involving the
reactor outside the magnet enables complete dispersion and
mixing of the reaction mixture. The reaction mixture was
flowing inside the magnet at the magnet temperature of
301.5 K, while the reactor temperature was set at the desired
temperature range with the aid of heater. The temperature
fluctuation in the reactor was 0.9 K due to fluctuation in the
temperature of the heater from the surroundings. The reaction
mixture was cooled down to the temperature of the magnet by
making 2 cm diameter coils of the PTFE tubing and immers-
ing them in cold water. Because the reaction time was long
compared to the time required for the measurement after low-
ering the temperature, it can be assumed that the reaction
kinetics are hardly affected. The data obtained from gas

(@) (b)

Fig. 1 Experimental setup. a Compact 1 T NMR spectrometer and
reaction set-up inside the fume hood. b Flow cell to pass the reaction
mixture though the magnet
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chromatography and NMR spectroscopy at 9.4 T validate this
assumption. The reaction mixture was pumped with the aid of
a three-channel peristaltic pump (ISMATEC® Relgo) at a
flow rate of 0.65 ml/min. After each reaction, the tubing was
washed with acetone to remove residual reaction mixture ad-
hering to the walls. Subsequently, the tubes were rinsed with
toluene to ensure the removal of any droplets of acetone.

Delay times

The time between a change in the composition of the reac-
tion mixture in the reactor and corresponding change in the
signal amplitude of the NMR signal is the important param-
eter that needs consideration for monitoring the reaction
kinetics. The time which the reaction mixture takes from
the reactor to the active region is the transfer time denoted
bY frans- The reaction mixture fills the active volume staring
from its tracer concentration to the stationary value. The
time it takes is denoted by tgciay. The difference between
firans and Zgelay is called dwell time #4411 [25]. For obtaining
the reliable NMR data, it is required to completely replace
the solution in the NMR probe with the fresh sample. The
transfer time #,,,s was determined to be 66.4 s. The delay
time of 126.5 s and dwell time of 60.5 s was used for the
present reaction which is very short compared to the reac-
tion time.

Non-ideal flow of the sample from the chemical reactor
to the sensitive volume of the NMR results from back
mixing, stagnant regions, and spreading of the sample at
different positions during the flow (Fig. S2). This behavior
of the liquid in the pipes is described by the residence time
distribution (RTD) profile. The RTD profile was deter-
mined at 0.65 ml/min flow rate using the step tracer exper-
iment with acetone and isopropanol solution where 3% ac-
etone solution in isopropanol was replaced with pure
isopropanol to see the concentration step produced in the
reactor and the NMR signal. The mean residence time 7,
was determined to be 96.6 s. The f4,¢ can also be deter-
mined from the relation of 7. and #4) following Eq. 1.

;res = tyans + tdwen/ 2 (1)

From the knowledge of the RTD function, the time-
dependent concentration changes in the reactor Sicac(?)
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can be reconstructed from the NMR signal Symr (7)) by
following Eq. 2.

Sreact(t) = SNMR(t + ?res) (2)

The data lost before the first measurement within 7., = 2 min
were extrapolated from seven measurements with an accuracy
of £2%.

Polarization length

The pre-polarization volume of the reaction mixture needs to
be studied for the reaction optimization. Pre-polarization vol-
ume is the volume of the reaction mixture inside the magnet
which should be pre-polarized enough to monitor the reaction
under equilibrium conditions depending upon the longitudinal
relaxation times of the components of the reaction mixture.
The variation of signal amplitude of the mixture of p-
nitrobenzaldehyde and 2-(4-nitrophenyl)-1, 3-dioxolane in
toluene was studied with different flow rates. The 7T relaxa-
tion times of the different components of the reaction mixture
were evaluated (Figs. S3 and S4). The pre-polarization length
of 170 mm was determined by simulating Eq. 3 [26].

S Lo
Z 1= _Zpot 3
5= oe(5) ®

So is the signal amplitude under equilibrium conditions when
(t, — o, V— 0), i.e., at longer pulse repetition time and at zero
flow rate. The flow rate under equilibrium conditions was
0.65 ml/min under the maximum 77 time of 3.3 s which be-
longs to 1,3-dioxo protons in the 2-(4-nitrophenyl)-1, 3-
dioxolane (Fig. S5). The pre-polarization length L, was de-
termined from the change in signal amplitude of the —CHj3
isopropanol with flow rate (Fig. S6).

Shim procedure and shimming stability

Protonated solvent with 10 wt% of water in D,O was used as
shimming sample to shim the spectrometer with the automatic
shimming procedure given in the spectrometer software. The
line width observed after shimming was 0.5 Hz. When used
every day, it takes 2.5 min to shim the magnet with the low-
order shims. When used only occasionally, shimming all or-
ders may take 40 min. Shimming can also be performed dur-
ing the reaction on representative large peaks in the reaction
mixture. The B, field is stabilized by an external lock together
with the software lock which adjusts the ppm scale following
the field drift. The shim was stable during all the reactions
performed. No drift was observed during either experiment.
The system was monitored by continuously flowing methanol
for 24 h to see the drift in the field and change in the signal
amplitude. The magnetic field B, was stable enough to realize

(a) H o
o
‘,k JM'L T
(b) Ho
HO
;\S\JOH

10 9 8 7 6 5 4 3

&1y [PPM]

Fig. 2 1D "H NMR spectra of pure components of the acetalization
reaction at 1 T. a para-Nitrobenzaldehyde (1). b Ethylene glycol (2). ¢
2-(4-nitrophenyl)-1, 3-dioxolane (3)

acquisition times of several hours without substantial change
in the signal amplitude (Fig. S7).

Data acquisition

A single-scan free induction decay (FID) was measured every
15 s from the beginning to the end of the reaction using a
43.2 MHz (1 T) Magritek Spinsolve NMR spectrometer.
Each spectrum used a 71/2 excitation pulse of 7 ps, an acqui-
sition time of 6.6 s, an acquisition bandwidth of 5 kHz, and
dwell time of 200 us with 32,768 data points.

Data processing

The original FID data were recorded and saved by the spec-
trometer software. The saved data were processed and

(a)

H 0
H H
ON H
1 b

(b) N
HO
OH
2 H H
A
(c) H,
H O
HJ@((\ H
H
3 ON H
H .
10 9 8 7 6 5 4 3
Sy [Ppm]

Fig. 3 1D "H NMR spectra of pure components of the acetalization
reaction at 9.4 T. a para-Nitrobenzaldehyde (1). b Ethylene glycol (2).
¢ 2-(4-nitrophenyl)-1, 3-dioxolane (3)

@ Springer
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Fig. 4 Stack plot of spectra
acquired during 100 min of the
reaction of p-nitrobenzaldehyde
(0.55 mol L") and p-toluene
sulfonic acid monohydrate

0.2 wt% dissolved in toluene
(solvent) and ethylene glycol
0.55molL Hata temperature of
370 K with an agitation speed of
200 RPM

analyzed with MestreNova® (Mestrelab Research S. L.,
Santiago de compostela Spain) 11.0 software. All the spectra
were aligned using the reference alignment tool in MNova.
The —CHj; peak of toluene at 2.3 ppm was used as a reference
to align the NMR spectra. The integration range was set by
considering the line width and neighboring peaks of the de-
sired signal using sum method. The exponential apodization
of 0.6 Hz was used to increase the resolution. The values
obtained for the signal amplitude as a function of the reaction
time were transferred to Origin® 9.0 to plot the graphs. The
different values of the reaction rate constants for real-time
NMR and gas chromatography were evaluated with the
Runge-Kutta fourth-order method using Matlab.

High-field NMR spectroscopy at 9.4 T

During the course of the reaction, aliquots of 2 ml were ex-
tracted with a syringe at different time intervals. The samples
obtained were quenched with saturated solution of sodium
bicarbonate (NaHCOs). The resultant solution was shaken
for 5 min before transferring to the separating funnel for sep-
arating the aqueous and organic layers. The solution was
washed with brine. The lower aqueous layer contained ethyl-
ene glycol and water, and upper layer contained unreacted p-

T T T T T T T

06 mass transfer E
0.5 -"
04+

03rf

acetal proton

02

conc. [molL™]

01F aldehyde proton

0.0 = b

0 50 100 150 200 250 300
time [min]
Fig. 5 Variation of '"H NMR peak integrals with time at 370 K for
300 min. The reactant signal of the aldehyde proton decreases while the
product signal of the acetal proton increases
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3 [ppm]

nitrobenzaldehyde and 1,3-dioxolane. The lower layer was
removed and the upper layer was used for quantification.
Each NMR sample was prepared in a 5 mm NMR tube by
adding 0.05 ml of sample into 0.5 ml of deuterated chloro-
form. Each sample was measured at 9.4 T with 16 scans in
1.5 min.

The calibration samples were prepared with knowledge of
limits of detection and quantification at 1 (Fig. S8) and 9.4 T
(Fig. S9) with known concentrations of p-nitrobenzaldehyde
and 1,3-dixolane. Data for the calibration curves are given in
the supplementary information.

Gas chromatography

The same samples obtained by quenching the reaction mixture
were used for the gas chromatographic measurements with
high-purity helium at a flow rate of 1.5 ml/min. A Thermos-
Scientific TRACE 1 gas chromatograph with flame ionization
detector (FID) was used with CP-Sil-Pona column capillary of
50 m length. The retention time of p-nitrobenzaldehyde and
1,3-dioxolane were 12.6 and 18.1 min, respectively.

The calibration samples were prepared with known con-
centrations of p-nitrobenzaldehyde and 1,3-dixolane with giv-
en concentration of each component and area (Fig. S10). The

0.5¢ i
041 E
3 03} 0 days 1
E 15 days
cci 0.2r = 6 months ]
8
0.1} E
0.0} :

0 100 200 300 400 500 600
time [min]

Fig. 6 Repeatability measurements after intervals of days and months for

the acetalization reaction at 333 K
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0.5F

04rf

0.3 1.6 wt%

0.9 wt%
0.2 wt%

0.2F

conc. [molL™]

0.1F

00 L. 4
0 100 200 300 400 500 600
time [min]

Fig. 7 Effect of catalyst loading on the concentration of the product in
terms of the concentration of the acetal proton versus the reaction time

details of calibration curves are given in the supplementary
information.

Results and discussion
1D "H NMR spectra at 1 and 9.4 T for the acetalization

In the acetalization reaction, the 1D 'H NMR spectra of p-
nitrobenzaldehyde (1) at 1 (Fig. 2a) and 9.4 T (Fig. 3a) showed
the peaks of the aldehyde proton at 10.4 ppm. The two aromat-
ic protons close to the -NO, group showed a multiplet centered
at 8.3 ppm and the other two protons close to the -CHO group
appeared at 8 ppm (Fig. 2). 1D "H NMR spectrum of ethylene
glycol (2) showed a single peak corresponding to the hydroxyl
proton at 5.4 ppm and a single peak for the -CH,-CH,- group
at 3.7 ppm at 1 (Fig. 2b) and 9.4 T (Fig. 3b). The 1D 'H NMR
spectrum of 2-(4-nitrophenyl)-1, 3-dioxolane (3) showed a sin-
gle peak corresponding to the acetal proton at 5.8 ppm. A
single peak corresponding to the four protons in the 1,3-dioxo
group appeared at 4 ppm at 1 T (Fig. 2a) while a multiplet
centered at 4 ppm was observed at 9.4 T (Fig. 3a). The two
aromatic protons adjacent to the 1, 3-dioxo group appeared at
7.56 ppm and the two protons near to the -NO, group at
8.14 ppm. The 1D 'H NMR spectra at 1 and 9.4 T are in

—~
)

)

Fig. 8 Variation of the reaction

complete agreement with each other. Peaks corresponding to
different chemical groups can be easily distinguished at 1 T in
spite of low field strength.

Real-time monitoring of the acetalization reaction with 1D
"H NMR spectroscopy

The concentrations of reacting components in the mixture
vary as the reaction progresses. This variation is followed in
a stack of spectra (Fig. 4), where each spectrum was acquired
in 15 s one after the other. Corresponding to the low-field
NMR spectra of the reactants and products described in the
“1D 'H NMR spectra at 1 and 9.4 T for the acetalization”
section, the real-time NMR data reveal that the peak integrals
(concentration) of the aldehyde proton in the p-
nitrobenzaldehyde (reactant) at 10.4 ppm decrease, and the
peak integrals of the 1,3-dioxo and acetal protons near 4 and
5.8 ppm, respectively, increase with the formation of the prod-
uct (Fig. 5). Their time dependence can be modeled to extract
the parameters describing the reaction kinetics.

Toluene is used as a solvent whose concentration is 19
times higher than the other analytes. Reactions, which proceed
in protonated solvents at high concentrations, are very difficult
to monitor at low field due to low chemical shift resolution.
But because the lines are narrow due to the excellent field
homogeneity of the instrument, the changing peak integrals
of the prominent acetal and carbonyl protons can readily be
followed in the stack of spectra acquired during the course of
the reaction as a function of the reaction time in addition to the
slight changes in chemical shift of the peaks corresponding to
the aromatic protons in the p-nitrobenzaldehyde and 2-(4-ni-
trophenyl)-1, 3-dioxolane near 8 ppm which are occurring
during the reaction.

Repeatability: effect of system stability
Stability of the system is essential for quality control in pro-

cess engineering applications. The acetalization reaction was
repeated at 333 K in the interval of days and months in order

(b)

rate for different molar ratios of ! 05} |
the reactants. a The ethylene 051 | '
glycol concentration was varied 04k i 04} ]
and the p-nitrobenzaldehyde — l LN l
concentration was kept constant. =O' 03l ] =0' 0.3} 4
b The ethylene glycol E £
concentration was kept constant S 0.2} - S 0.2r [p-nitro] : [EG] 1
and the p-nitrobenzaldehyde § [p-nitro] : [EG] § =1
concentration was varied 01f . 1 5(1)75l 1 0.1 * 0751 l 1

. ;0. = 05 :1

=1 :05 —

0'0 -l 1 1 1 1 1 1 ] 0'0 -I 1 1 1 1 1 1 ]
0 100 200 300 400 500 600 0 100 200 300 400 500 600

time [min]

time [min]
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Fig. 9 Kinetic model fitted with

—~
)
~

—
O
~—

the experimental results

e
&

l

calculated by following the
concentration of the acetal proton

of the 2-(4-nitrophenyl)-1, 3- -— 04 o — 04 —— kinetic model
dioxolane (product). a Online =ol — kinetic model %' = experiment
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to see the impact of system stability on reaction kinetics. The
NMR spectrometer was shimmed every time before starting
the reaction using the automatic shim routine given in the
instrument software. The system showed excellent repeatabil-

ity (Fig. 6).

Mass transfer resistance: effect of stirring speed

Low stirring speeds and viscous mixtures are most unfavor-
able candidates responsible for resistance to external mass
transfer. Vigorous stirring was necessary to achieve a homo-
geneous mixture of the reaction components which could not
be obtained at lower stirring speeds because of the viscosity of
ethylene glycol. Also, elimination of mass transfer resistance
is important for studying the reaction rate in order to ensure
that the rate of the reaction is not influenced by energy re-
quired for transfer of molecules from one phase to the other.
The reaction mixture was stirred mechanically at rates varying
from 200 to 400 RPM at a reaction temperature of 333 K with
0.2 wt% of p-toluene sulphonic acid as catalyst. The reaction
rate turned out to be essentially independent of the stirring
speed above 200 RPM. After ensuring the absence of mass
transfer resistance, all experiments were carried out at
200 RPM (Fig. S11).
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time [min]

Fig. 10 Evolution of the acetal protons of product peaks with time for

temperatures ranging from 333 to 370 K at 200 RPM agitation speed and

0.2 wt% catalyst concentration
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Effect of catalyst loading

The amount of catalyst is an important parameter which influ-
ences the conversion rate of the reaction. The impact of cata-
lyst concentration was studied by varying the amount of p-
toluene sulphonic acid (catalyst) from 0.2 to 1.6 wt%. With
increasing amount of catalyst, the reaction rate increases. The
more active catalyst sites are available to assist the protonation
of the carbonyl oxygen of p-nitrobenzaldehyde, the faster is
the reaction. Because the protonation of the carbonyl carbon is
controlled by the proton in the p-toluene sulphonic acid cata-
lyst, the concentration of the 1,3-dioxo group of the product
increases with increasing catalyst amount at a particular time
(Fig. 7). The higher the catalyst loading, the higher is the rate
of conversion.

Effect of feed composition

The impact of the reactant concentrations on the reaction
kinetics was studied by varying the ratios of the initial
concentrations of p-nitrobenzaldehyde and ethylene glycol
as 0.5:1, 0.75:1, and 1:1 as well as 1:0.5, 1:0.75, and 1:1.
The reaction rate decreases as the concentrations deviate
from the stoichiometric ratio of the reactants (Fig. 8). As a
result, the equilibrium conversion decreases from 90 to
65.6 to 49.4% for decreasing the initial concentration of
p-nitrobenzaldehyde while keeping the concentration of
ethylene glycol constant equal to its stoichiometric concen-
tration. Similarly, the equilibrium conversion decreases

Table 1  Rate constants for the reaction at temperatures ranging from
333 to 370 K using real-time NMR at 1 T

T  k*10° 95% confidence k, x 10 95% confidence R>
K] interval x 107 interval x 107°

333 1.89 [1.86, 1.91] 1.52 [1.51, 1.55] 0.9576
345 451 [4.37, 4.56] 3.86 [2.64, 3.96] 0.9718
358  7.04 [6.83,7.17] 6.81 [5.15,7.10] 0.9461
370 11.5 [11.2,11.8] 1.47 [13.8,15.0] 0.9846
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from 90 to 70.9 to 47.4% when varying the initial concen-
tration of ethylene glycol while keeping the initial concen-
tration of p-nitrobenzaldehyde constant to stoichiometric
concentration.

Modeling of the kinetic data

After ensuring the absence of mass transfer resistance, a ki-
netic model [27, 28] can readily be developed to extract the
reaction rate constants from which the activation energy can
be estimated by fitting model expressions to the time-
dependent concentration data of the acetal protons present in
the 2-(4-nitrophenyl)-1,3-dioxolane product (Fig. 9). From the
data obtained by varying the temperature between 333 and
370 K, the activation energy of the reaction was estimated.

A pseudo-homogeneous kinetic model was used for
obtaining the rate constants. The overall reaction between p-
nitrobenzaldehyde (C;HsO;N) and ethylene glycol (EG) in
the presence of toluene as a solvent and p-toluene sulphonic
acid as a catalyst (Scheme 1) yields 2-(4-nitrophenyl)-1, 3-
dioxolane (DIOX) and water (H,O). Considering the time-
dependent reactant concentrations [C;HsOs;N] and [EG], and
the initial product concentrations

[DIOX], = 0 = [H,0], (4)

and the formation rate of the dioxolane product is written as

d|DIOX
% = Wk1 [EG] [C7H503N]_Wk2 [DIOX] [HzO], (5)
Table 2 Rate constants for the reaction at temperatures ranging from

333 to 370 K using gas chromatography

T kX 10> 95% confidence k> x 107> 95% confidence R’
K] interval x 102 interval x 107>

333 1.86 [1.82,1.99] 1.38 [1.30, 1.47] 0.9915
345 4.10 [4.06, 4.13] 3.19 [2.73,3.27] 0.9873
358  6.84 [6.71, 6.88] 5.13 [4.45, 5.45] 0.9803
370 10.7 [10.6,10.8] 9.33 [8.24,9.41] 0.9832

1000/T [K™]

[y
1

where [] is the concentration of the compound “;” in mol L™,
w is the catalyst concentration in wt%_ , and k; and k, are the
reaction rate constants for the forward and the backward reac-
tions in Lmol 'min""! Wt%;;[. In the absence of side reactions,
the concentrations of the other species are calculated by mass

balance as

[EG] = [EG],—[DIOX], (6)
[C;H505N] = [C;H50;3N],~[DIOX], (7)
[H,0] = [DIOX]. (8)

The differential Eq. (5) was solved by fourth-order Runge-
Kutta integration along with the initial conditions (4) and the
mass balances (6, 7, and 8) using MATLAB.

The validity of the mass balance was verified by integrating
the peaks of both reactants and products and forming the sum,
which remained constant during the whole course of the reac-
tion. The rate constants were determined by minimizing the
sum of the square of the difference between the experimental
and predicted concentrations. The 95% confidence intervals
for the rate constants of each reaction were calculated from
1000 iterations to estimate the variation in the reaction kinetics
following a Monte-Carlo approach.

0.6 T T T T r T T
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Fig. 12 Comparison of online NMR at 1 T, batch NMR at 9.4 T, and gas

chromatography for the acetalization reaction at 370 K
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Fig. 13 Evolution of the 1, 3-
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Effect of temperature: NMR spectroscopy at 1 T

To determine the activation energies of the forward and back-
ward reactions, the reaction kinetics were studied at tempera-
tures of 333, 345, 358, and 370 K using the stoichiometric
feed ratio. The reaction rates for both forward and backward
reactions increase with increasing temperature. It is observed
here that the reaction rate increases with increasing tempera-
ture (Fig. 10) as expected, but the final equilibrium conversion
is independent of temperature. This observation was associat-
ed to heat effects in the reaction. Guemez et al. [23], Agirre
etal. [27], and Silva et al. [28] have observed similar behavior
in the same acetalization studies. This effect implies that the
whole process has very low heat effects. According to the
standard heat of formation, the acetalization reactions are exo-
thermic [23, 27, 28] including the one in the present study.
Nevertheless, it was observed that the heat of mixing between
different reactants aldehyde and glycerol and water (product)
is positive and the enthalpy of mixing between water and the
formed acetal (product) is also positive showing endothermic
behavior. The increase in temperature decreases the equilibri-
um constant of the reaction which revealed the exothermic
behavior of the reaction (Table 1). The activation energies of
the reaction retrieved by real-time monitoring for the forward
and backward reactions turns out to be 48 £ 5 and 60 + 4 kJ/
mol, respectively (Fig. 11).

Gas chromatography and high-field NMR at 9.4 T

Each reaction was followed simultaneously by real-time mon-
itoring with compact NMR at 1 T and batch monitoring with
gas chromatography and high-field NMR at 9.4 T by extracting
the samples after regular time intervals. The samples obtained
were quenched and the organic layer was separated from the
aqueous layer. The results obtained with gas chromatography
(Table 2) and high-field NMR confirm the reaction kinetics
obtained with the compact NMR at 370 K (Fig. 12) and at other
temperatures also (Fig. 13). The activation energies obtained
with gas chromatography for forward and backward reactions
were 48 £ 4 and 51 + 4 kJ/mol (Fig. S12). Each point in the

@ Springer

online-NMR measurement was obtained in 15-s intervals while
for GC, the points were obtained in irregular intervals from
5 min to several hours. Therefore, the data points sampled with
NMR (~1200) are much denser than those acquired with GC
(~15) and provide more reliable kinetic information than
sparsely sampled data. The higher sampling density is particu-
larly important in the beginning of the reaction when concen-
trations change rapidly. The rate constants evaluated by mini-
mizing the sum of square of the difference between experimen-
tal and predicted concentrations are more accurate because the
error minimization is more reliable for a large number of data
points than a low number of data points.

Conclusion

Real-time reaction monitoring by NMR spectroscopy is sim-
plified with compact NMR spectrometers that can be operated
on the laboratory bench. By example of an acetalization reac-
tion, it is shown that the effects of parameters like temperature,
feed composition, catalyst loading, and agitation speed can be
directly monitored in terms of time-dependent reactant and
product concentrations with the conclusion, that desktop
NMR spectroscopy is an interesting tool to monitor, model,
and optimize chemical reactions. For the studied acetalization
reaction, the time-dependent concentrations of the various
groups involved during the reaction were followed in order
to estimate the equilibrium conversion in the acetalization
reaction. This knowledge is particularly important for optimiz-
ing multistep syntheses. Real-time monitoring serves this pur-
pose and there is no need to extract the reaction mixture,
quench it, and then monitor the concentration of the chemical
constituents involved with off-line gas chromatography and
high-field NMR methods, which require additional prepara-
tion steps such as quenching, phase separation, dissolution, or
centrifugation. Moreover, no deuterated solvents were needed
for the NMR measurements due to the external lock in the
spectrometer, and the magnet remained shimmed without field
drift throughout an entire observation period of over 2 h.
Deuterated solvents can also give rise to kinetic isotope effects



Desktop NMR spectroscopy for real-time monitoring of an acetalization reaction in comparison with gas...

7233

which would lead to changes in reaction kinetics. Gas chro-
matographic measurements are time consuming due to longer
retention times of the chemical species involved in the reac-
tion both reference methods need cryogenic coolants.

The data from the three methods showed excellent agree-
ment. The experiment at 333 K was repeated three times over
the duration of 15 days and 6 months in order to see the
repeatability of the reaction and reproducibility of the instru-
ment. No variation of instrument performance could be de-
tected. The results agreed excellently well. The activation en-
ergies for forward and backward reactions that were deter-
mined by real-time monitoring were 48 £ 5 and 60 + 4 kJ/
mol, respectively. The activation energies obtained with gas
chromatography for forward and backward reactions were
48 +4 and 51 =4 kJ/mol. The kinetic parameters derived from
densely sampled data and sparsely sampled data showed dif-
ferences in the rate constants. The data with large number of
points provide a more reliable kinetic model than the data with
few points. The equilibrium constant decreases with increas-
ing temperature as expected for an exothermic reaction.
Despite the low resolution and sensitivity, compact NMR
has proven to be a reliable tool for monitoring chemical reac-
tions in process engineering applications as accurate as other
standard methods.
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