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ABSTRACT: To overcome the shortcomings of high relative
humidity and harmful oxidation products from traditional
humectants, excellent humectants and flavor precursors were
reported herein. Glucosamine hydrochloride was used as the
starting material for the cyclization, oxidation, and alkylation
processes that produced pyrrole acid. Then, esterification occurred
with polyol catalyzed by EDC and DMAP to give the target
compounds 2-(2,3-dihydroxypropyl) 4-methyl 5-methyl-1-propyl-
1H-pyrrole-2,4-dicarboxylate (Gpe) and (2-hydroxypropyl) 4-
methyl 5-methyl-1-propyl-1H-pyrrole-2,4-dicarboxylate (Ppe). Nu-
clear magnetic resonance (1H NMR, 13C NMR), infrared
spectroscopy (IR), and high-resolution mass recorded spectrom-
etry (HRMS) were used to confirm the two novel polyol pyrrole ester compounds. When Gpe and Ppe were added to the tobacco
shred, low-field nuclear magnetic resonance (LF-NMR) imaging was applied to assess the hygroscopicity and moisturizing capacity.
Furthermore, thermogravimetry (TG) and pyrolysis−gas chromatography/mass spectrometry (Py-GC/MS) techniques were
applied to study their thermal behaviors. These results showed that the target compounds (Gpe and Ppe) are good humectants with
thermal properties of high-temperature stability and flavor release.

1. INTRODUCTION
The economic importance of tobacco makes it one of the most
often researched plants, which is an extremely important
industrial production in China.1,2 The quality of the final
tobacco products in the industry not only depends on simply
the tobacco shred’s moisture level but also is a matter of
smoking characteristics of dry flue gas, pungent, insufficient
flavor, etc.3,4 It has always been a bottleneck technology of
moisture retentivity and flavor enhancement to improve the
quality of cigarettes in China. As a result of their polyhydroxy
structure, polysaccharides can adsorb water and form a
membrane on the surface of tobacco to reduce the loss of
water, which featured excellent moisture adsorption and
retention used in clinical medicine, cosmetics, and food
preservation.5−7 For example, the novel polysaccharide derived
from Phyllobacterium sp. 921F exhibited favorable rheological
properties and excellent moisture retention ability.8 However,
some polysaccharides are generally limited to compare their
humectant properties with those of synthetic glycerin for their
physicochemical properties, including poor water solubility,
low molecular weight, and branching degree. In addition,
glycerol, propylene glycol, and sorbitol are examples of polyol
compounds (traditional humectants) that have been widely
employed in tobacco production for moisture adsorption and
retention.9,10 These compounds show excellent moisture

retention activities, mainly because water molecules might
form hydrogen bonds with their hydroxyl groups.11 However,
this property of traditional humectants could accelerate the
deterioration of the tobacco quality, resulting from the increase
of the amount of moisture in the tobacco crumble, which held
in high relative humidity (RH) for long. Additionally, smoking
tobacco may produce hazardous substances such as propylene
oxide, acrolein, etc.12 Therefore, to assure the quality of the
final tobacco products, a modified and innovative humectant
with moisture absorption and desorption and cigarette flavor
improvement deserves to be developed.
On the other hand, pyrrole derivatives are generated from

bread, nut, coffee, cigarettes, and other toasted food, which are
highly valuable compounds in perfume and possess character-
istic aroma or organoleptic properties such as bitterness,
roasted, peanutty, buttery, and meaty, usually used as food
flavor additives.13−17 Recently, the cigarette and food fields
have paid pyrrole derivatives a lot of attention due to their
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exceptional flavoring abilities.18,19 Under the conditions of the
cigarette smoking process, the pyrolysis products of hetero-
cyclic derivatives, which contain a variety of tobacco fragrance
ingredients, including pyrrole, 2,5-dimethylpyrrole, 2-acetyl-
pyrrole, etc., can enhance the flavor of cigarettes.20 The
structural motifs of polyol derivatives could be designed by
esterification from glycerol and pyrroles, which are expected to
be used in cigarette moisturizing and flavoring enhancement
techniques because of the properties of hydrophilicity, thermal
stability, and being precursors of aroma substances. Con-
sequently, it is crucial to study and make use of the qualities of
polyol pyrrole esters in cigarette moisturizing and flavor
enhancement during the smoking process. To evaluate the
hygroscopicity and moisturizing properties, nuclear magnetic
resonance (NMR) could be used for nondestructive character-
ization of the quality and water distribution and migration in
various fruit,21−24 plant,25,26 and vegetable27−29 tissues.
Moreover, the high-temperature stability and decomposition
mechanism of polyol pyrrole esters on the tobacco shred
during cigarette burning were evaluated using TG and Py-GC/
MS.30−32

In this study, the two target compounds 2-(2,3-dihydrox-
ypropyl) 4-methyl 5-methyl-1-propyl-1H-pyrrole-2,4-dicarbox-
ylate (Gpe) and (2-hydroxypropyl) 4-methyl 5-methyl-1-
propyl-1H-pyrrole-2,4-dicarboxylate (Ppe) were first synthe-
sized via the reactions of cyclization, oxidation, alkylation, and
esterification using glucosamine hydrochloride as the starting
ingredient. Then, the hygroscopicity and moisturizing proper-
ties of the glycerol pyrrole esters used on the tobacco shred
were evaluated. The dynamic models related to moisture
adsorption and desorption of tobacco shred samples have been
established. Transverse relaxation time (T2), which was
established using LF-NMR, was used to measure the moisture
conditions and ratio in the tobacco shred. In addition,
investigation of the polyol pyrrole esters’s pyrolysis products
and thermal stability was done using TG-DSC and Py-GC/MS
methods. The results of the moisture properties and thermal
behavior of polyol pyrrole esters are expected to provide a
theoretical basis and key technology for the use of polyol
pyrrole esters in tobacco shred moisturizing and flavor
enhancement support. It is of great significance to further
enhance the market competitiveness of Chinese cigarettes by
improving the moisture retention of tobacco and narrowing
the gap with well-known foreign brands.

2. MATERIALS AND METHODS
2.1. Preparation of the Target Compounds and

Structure Identification. All the chemicals and solvents
used in this investigation were commercial grade and were
bought from Tianjin Kermel Chemical Reagent Co., Ltd.
(China). Furthermore, NMR, IR, and HRMS measurements

supported the structures of novel target compounds, such as a
BRUKER/AVANCE NEO 400 MHz (BioSpin GmbH,
dissolvent of CDCl3 with tetramethylsilane TMS), Fourier
transform infrared spectrophotometer (Nicolet iS50, Thermo
Nicolet Co, Waltham, MA), and Waters Micromass Q-TOF
(Micro TM, Agilent).

2.1.1. Synthesis of 2-Pyrrolecarboxylic Acid Derivative (3).
Glucosamine was used as the starting material for the synthesis
of compound 2, which involved cyclization, oxidation, and
alkylation in 80% yield.19 As shown in Scheme S.1, in a round-
bottom flask with a magnetron, compound 2, KMnO4 (2.0
equiv), and acetone/ H2O (v:v = 1:1) were added and stirred
for 2 h at 0 °C. TLC (petroleum ether/ethyl acetate: 2/1) was
used to confirm that the reaction was complete. Acetone was
then extracted using a vacuum, and its aqueous solution was
acidified with aq HCl (4 M) to a pH of 2; then, 3 mL of aq
NaHSO3 (10%) was added. Ethyl acetate was used to extract
the combination, and the mixed organic extracts were then
washed with brine and water, dried over MgSO4, and
concentrated. By recrystallization, the anticipated compound
3 was obtained with 65% yield (516 mg).

2.1.2. Synthesis of Polyol Pyrrole Esters (Gpe and Ppe).
EDC (1.0 mmol) and compound 3 (1.2 mmol) in an
anhydrous DCM (10 mL) mixture were stirred at room
temperature in 2 h. DMAP (0.02 mmol) and glycerol or 1,2-
propanediol (1.0 mmol) were then added, and the mixture was
agitated for 10 h. TLC was used to monitor the reaction’s
completion. After the mixture had been evaporated, ethyl
acetate and water were added, successively. The organic phase
was separated and dried overnight with anhydrous Na2SO4.
Following column chromatography on a silica gel (100 mesh)
and elution in a 20:1 petroleum ether/ethyl acetate solution,
the crude residue was refined to provide Gpe (compound 4a,
233 mg, 65% yield) and Ppe (compound 4b, 204 mg, 60%
yield). The reaction route is shown in Scheme 1.
2.2. Hygroscopicity and Moisturizing. 2.2.1. Prepara-

tion of the Experimental Samples. First, the prepared tobacco
shred was acclimated for 72 h at 22 °C and 60% RH. Then,
glycerol, 1,2-propanediol, Ppe, and Gpe were equally sprayed
on the surface of the tobacco shred, which increased the solute
content to 2.0% (wt) weight of tobacco (5 g), and the tobacco
shred sprayed with the same quality of distilled water was set as
the control group (Figure 1). The processed tobacco shred was
acclimated for 72 h at 22 °C and 60% RH. Subsequently, the
tobacco shred was mixed with saturated magnesium chloride
solution (200 mL) and put in desiccators (32% RH, 22 °C)
and saturated potassium chloride solution (200 mL) for (84%
RH, 22 °C). The weighing technique was used to estimate the
sample’s initial moisture content, and the reduction in
moisture during storage was used to calculate the sample’s
change in the moisture content.33

Scheme 1. Synthesis Route of Gpe and Ppe
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2.2.2. Model Evaluation Methods. The dry basis moisture
content of the tobacco shred was converted into the moisture
ratio (MR) according to Formula 1, which accurately reflected
the moisture content of the cut tobacco on a dry basis at
different times

M M
M M

MR t e

0 e
=

(1)

where Me is the dry basis moisture content (%), Mt is the dry
basis moisture content at t (h) (%), and M0 is the initial dry
basis moisture content (%).

2.2.3. Establishment of the Dynamic Model. Many models
related to adsorption and desorption have been proposed, such
as Brunauer−Emmett−Teller (BET) model and Guggenheim
Anderson-de Boer (GAB) model.40 In this study, we tested
these models, in which the values of RMSE were too large to
accurately reflect the process of water adsorption on the cut
tobacco. Among them, the more trustworthy were logistic
model, Poly4 model, and cubic model, which were used to
describe the change process of adsorption kinetics and
analytical kinetics. The experimental data were adapted for
the Origin program using a nonlinear fitting (version 19.0,
OriginLab Inc., Northampton, MA).
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where the constants for the three models are a, b, c, d, and e.
The correlation coefficient (R2) and the root-mean-square

error (RMSE) can be used to assess the model fitting results.
The model that gives the minimum value of RMSE and the
maximum value of R2 is the most reliable. R2 and RSME were
calculated according to Formulas 5 and 6, respectively
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where N is the number of experimental observations, MRexp is
the moisture content experimental value, and MRpre is the
moisture content predicted by the model.

2.2.4. LF-NMR Analysis. The moisture state and ratio in the
tobacco shred were assessed by measuring the transverse
relaxation time (T2) determined using a PQ001 MicroMR
Cabinet NMR imager (Shanghai Niumai Electronic Technol-
ogy Co., Ltd.). The preparation of tobacco samples was
consistent with Section 2.2.1. To attain constant weights, all
samples were equilibrated at 22 °C with RH values of 32 and
84%. A total of 1.5 g of each group was weighed and put into
the NMR sample tube (1 cm × 3.5 cm) for analysis, and three
parallel experiments were set up. The CPMG pulse sequence
was used to undertake data capture once the FID sequence had
calibrated the resonant center frequency. The following are the
CPMG sequence’s parameters: probe coil diameter: 18 mm;
magnet temperature: 32.00 ± 0.01 °C; resonance frequency
(SF) = 22 MHz; offset frequency (O1) = 778 183.37 Hz; pulse
time (P1) = 21 μs; number of data points (TD) = 239 994;
repeated sampling waiting time (TW) = 5000.000 ms; pulse
time (P2) = 40 μs; echo time (TE) = 0.300 ms; NECH =
8000; spectral width (SW) = 100 KHz; radio frequency delay
(RFD) = 0.080 ms; analog gain (RG1) = 3 db; DR = 3; and
NS = 32 echo time. Inversion of the T2 decay curve finally led
to the observation of transverse relaxation time (T2) spectra.

2.2.5. Statistical Analysis. Three separate experiments were
conducted under the same conditions. Nonlinear fitting was
conducted using Origin 2019b. R2 and RMSE were used to
evaluate the accuracy of the regression equations. Results were
presented as mean values using IBM’s SPSS version 19.0
(Armonk, New York), and significance was defined as P < 0.05.

Figure 1. Tobacco shred added with different polyol materials.

Figure 2. 1H NMR (a) and 13C NMR (b) of Gpe and Ppe.
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2.3. Thermal Behavior Analysis. 2.3.1. TG Analysis. A
simultaneous thermal analyzer gave the TG-DTG and DSC
curves of Gpe and Ppe (STA 449 F3, Netzsch, Germany).
Each time, a sample of 3 mg was maintained, and spectrally
pure Al2O3 served as a reference. Each experiment used an air
environment with a flow rate of 60 mL min−1 and was heated
at a rate of 10 °C min−1 between 30 and 450 °C.

2.3.2. Pyrolysis Analysis. Py-GC/MS analysis was applied to
identify the pyrolysis products of Gpe and Ppe (Pyroprobe
5250T, CDS, Analytical Inc., and Agilent 7890/5975). About 2
mg of each sample was placed in a 25 mm quartz tube to
fracture for 10 s at the predetermined temperatures. 350 and
400 °C were set aside as the pyrolysis temperatures. The
reactor was first heated at the rate of 6 °C min−1 and

Figure 3. FTIR (a) and HRMS (b) of Gpe and Ppe.

Figure 4. Moisture contents of the tobacco shred at 22 °C and RH = 32% (a) and RH = 84% (b).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c06683
ACS Omega 2023, 8, 4716−4726

4719

https://pubs.acs.org/doi/10.1021/acsomega.2c06683?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06683?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06683?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06683?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06683?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06683?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06683?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06683?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06683?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


maintained at 50 °C. The trials were conducted in an air
environment.
A capillary column DB-5MS (30 m × 250 μm × 0.25 μm)

was used for the chromatographic separation. The intended
injection port temperature was 300 °C. The oven’s initial
temperature was set at 50 °C; then, it was increased to 80 °C
at a rate of 6 °C min−1 and then to 110 °C and kept there for 2
min. After 2 min, the oven had reached a final temperature of
280 °C at a rate of 5 °C min−1. With no splits, helium was used
as the carrier gas at a flow rate of 1 mL min−1.
A mass spectrometer was used to examine the separated

components. The transfer line was heated to 300 °C, and the
energy of EI was fixed at 70 eV. The quadrupole temperature
was 150 °C, while the ion source temperature was specified at
230 °C. From 30 to 500m/z, mass spectra were collected, and
the solvent delay time was 2.8 min. The mass spectrum library
(NIST17) that was connected to the GC/MS apparatus was
used to match the pyrolysis products.

3. RESULTS AND DISCUSSION
3.1. Characterization of the Target Compounds Gpe

and Ppe. The structures of Gpe and Ppe were characterized

by 1H and 13C NMR, as shown in (Figure 2a,b). The major
signals of the H atom in the pyrrole appeared at 7.39 ppm, and

the corresponding signals of non-heterocyclic H occurred at
4.37−0.94 and 4.25−0.94 ppm, respectively. The major signals
of the C atom in pyrrole and O−C�O were in the low-field
area, while the others moved to the high-field region. The H
and C atom signals were as follows.
2-(2,3-Dihydroxypropyl) 4-methyl 5-methyl-1-propyl-1H-

pyrrole-2,4-dicarboxylate (Gpe): 1H NMR (400 MHz, Chloro-
form-d) δ 7.39 (s, 1H), 4.37−4.30 (m, 2H), 4.28−4.24 (m,
2H), 4.03 (q, J = 5.1 Hz, 1H), 3.81 (s, 3H), 3.77−3.65 (m,
2H), 2.58 (s, 3H), 1.70 (d, J = 7.7 Hz, 2H), 0.94 (t, J = 7.4 Hz,
3H). 13C NMR (100 MHz, Chloroform-d) δ 165.96, 164.81,
144.91, 121.47, 120.81, 113.75, 54.51, 51.79, 45.70, 31.42,
28.68, 22.24, 13.93.
2-(2-Hydroxypropyl) 4-methyl 5-methyl-1-propyl-1H-pyr-

role-2,4-dicarboxylate (Ppe): 1H NMR (400 MHz, Chloro-
form-d) δ 7.39 (s, 1H), 4.25 (ddd, J = 10.4, 7.9, 4.1 Hz, 3H),
4.15−4.06 (m, 2H), 3.81 (s, 3H), 2.58 (s, 3H), 1.74−1.68 (m,
2H), 1.27 (d, J = 6.1 Hz, 3H), 0.94 (t, J = 7.4 Hz, 3H). 13C
NMR (100 MHz, Chloroform-d) δ 165.09, 160.66, 141.92,
120.55, 119.94, 112.31, 69.22, 66.27, 51.03, 46.66, 24.05,
19.19, 11.29, 11.03.
The FTIR spectrum of compound 3, Gpe, and Ppe is

presented in Figure 3a. In the spectrum, the peaks at 3432 and
3467 cm−1 corresponded to the stretching vibration of the
-OH group in the structures of Gpe and Ppe, respectively. The
group was a typical functional group in the polyol structure,
while the target compounds retained the characteristic
absorption peak of compound 3, indicating that Gpe and
Ppe were successfully synthesized. As shown in Figure 3b, the
calculated values of m/z with H added for Gpe and Ppe were
300.1442 and 284.1492, respectively, and those found were
300.1438 and 284.1490. Therefore, combined with Figures
2a,b and 3a,b, it showed that the structures of Gpe and Ppe
synthesized were the target compounds, so follow-up perform-
ance tests and applications were carried out.
3.2. Evaluation of the Hygroscopicity and Moisturiz-

ing Properties of Gpe and Ppe. 3.2.1. Effect of Gpe and
Ppe on Moisture Retention and Absorption of the Tobacco
Shred. Additional research on difference in moisture
absorption and retention between Gpe and Ppe was
performed. The results are shown in Figure 4a,b, respectively.
As provided in Figure 4a, the moisture content at RH 32% of
the tobacco shred samples decreased with desorption time, and

Table 1. Estimated Values for the Fitting Models (RH = 32%, 22 °C)

logistic Poly4 cubic

group R2 RMSE R2 RMSE R2 RMSE

control 0.9655 0.6674 0.9999 0.0001 0.9986 0.1239
glycerol 0.9518 0.6791 0.9999 0.0001 0.9986 0.1363
propanediol 0.9612 0.6541 0.9999 0.0001 0.9986 0.1363
Ppe 0.9812 0.6741 0.9999 0.0001 0.9986 0.1265
Gpe 0.9732 0.9138 0.9999 0.0001 0.9986 0.1283

Table 2. Estimated Values for the Fitting Models (RH = 84%, 22 °C)

logistic Poly4 cubic

group R2 RMSE R2 RMSE R2 RMSE

control 0.8563 0.8143 0.9999 0.0001 0.9365 0.0210
glycerol 0.9608 1.7190 0.9999 0.0001 0.9526 0.0146
propanediol 0.9612 0.6441 0.9999 0.0001 0.9436 0.1263
Ppe 0.9812 0.5641 0.9999 0.0001 0.9682 0.1435
Gpe 0.9149 0.9329 0.9999 0.0001 0.9252 0.0163

Table 3. Fitting Results of Poly4 Models (RH = 32%, 22 °C)

group a b c d e

control 0.4097 0.9354 0.0179 0.0003 0.0001
glycerol 0.4622 0.8354 0.0040 0.0010 0.0002
propanediol 0.4325 0.8553 0.0032 0.0011 0.0005
Ppe 0.4322 0.8354 0.0032 0.0013 0.0003
Gpe 0.3465 0.9237 0.0283 0.0006 0.0004

Table 4. Fitting Results of Poly4 Models (RH = 84%, 22 °C)

group a b c d e

control 1.2751 0.4545 0.1877 0.0140 0.0003
glycerol 0.2648 1.7797 0.0210 0.0015 0.0001
propanediol 0.2528 1.2737 0.0112 0.0023 0.0002
Ppe 0.6438 1.4736 0.0372 0.0043 0.0002
Gpe 0.6193 1.9962 0.0352 0.0022 0.0001
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all samples showed nearly identical drop trends in the first 16
h, and then, they achieved equilibrium at 24 h. The moisture
amounts from the control, propanediol, glycerol, Ppe, and Gpe
were 3.30, 4.26, 4.40, 3.51, and 4.28%, respectively. As shown
in Figure 4b (RH = 84%), the moisture content of the tobacco
shred increased with time increasing. After adding five
humectants, the moisture contents of the tobacco shred
increased quickly for the first 10 h, then slowed down, and
stabilized after 24 h. The moisture contents of the control,

propanediol, glycerol, Ppe, and Gpe reached 33.26, 35.10,
37.41, 33.66, and 35.31%, respectively.
As seen in Figure 4a,b, the moisture retention and

absorption ability of Gpe was greater than that of the control,
while less than that of glycerol. For Ppe, it was greater than
that of the control but less than that of propanediol. Over all,
the adsorption capacity of the tobacco shred with Gpe and Ppe
was restricted. The important reason might be that the number
of hydroxyl groups (-OH) played a decisive role. The ability of

Figure 5. Poly4 model curves of the moisture ratio of tobacco at 22 °C and RH = 32% (a) and RH = 84% (b).

Figure 6. Transverse relaxation time of the tobacco shred at 22 °C and RH = 32% (a) and RH = 84% (b).

Figure 7. Proportion of the water content of the tobacco shred at 22 °C and RH = 32% (a) and RH = 84% (b).
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the hydroxyl group to create hydrogen bonds with water
molecules enhances the ability to store and absorb water.34,35

3.2.2. Dynamic Model of Moisture Desorption and
Absorption. The desorption and adsorption models could be
used to describe the relationship between the time and internal
moisture ratio of the tobacco shred. Tables 1 and 2 show the
fitting of the three models with the corresponding R2 and
MRSE values. Comparing the three models, the Poly4 model
displayed the best R2 and RMSE values. Poly4 was the optimal
model for characterizing the moisture change in the tobacco
shred with increasing time, while the highest model fitting
degree R2 reached 0.9999 and the RMSE was 0.0001.
Therefore, Poly4 could accurately describe and predict the
moisture change law (dynamic process) of the tobacco shred
before the adsorption or desorption of the cut tobacco reaches
equilibrium in different humidity environments.

3.2.3. Optimized Model Fitting Parameters. The values of
each group of constants calculated according to the Poly4
model are listed in Tables 3 and 4 in different humidity
environments. It was shown that the values of the tobacco
shred samples were significantly different because of the
characteristics of the humectants. The values reflected the
speed of water loss or absorption rate of a certain sample. The
Poly4 model curves of the moisture ratio of tobacco are shown
in Figure 5a (RH = 32%) and 5b (RH = 84%).

3.2.4. Water Distribution and Migration of the Tobacco
Shred with Different Humectants. The capacity to hold and
absorb water is improved by the hydroxyl group’s capacity to
form hydrogen bonds with water molecules. Shorter T2 values
correlated with stronger binding and less water mobility, which
showed water distribution and the interaction between water
and other macromolecules.36,37 The inversion spectral curves

of the tobacco shred are shown in Figure 6a,b. T21 and T23, two
distinct peaks that represented two water fractions with distinct
molecular environments, were studied and determined. The
bound water had the smallest relaxation time (T21), and free
water exiting in the surface had the longest relaxation time
(T23).

6 It should be noted that strongly bonded states, such as
hydroxyl and carboxyl groups, are hydrophilic groups, which
are denser and more stable than immobilized water and have
relaxation times of less than 1 ms.38 The corresponding relative
areas in Figure 6a,b were marked as T21 and T23, which were
listed as the tobacco shred’s proportional contents of bound
water and free water, respectively. T21 was shorter in the
tobacco shred with Gpe and Ppe than that of the control and
longer than that of glycerol and propanediol in the different
humidity environments (RH = 32 and 84%). In the tobacco
shred containing Gpe, Ppe, propanediol, and glycerol, the
mobility of the water reduced the water loss that took longer
time or required outside effort. The outcomes could be
explained by that the four groups could lock water by chemical
bonding. Increased hydrogen bonds might develop between
the moisturizer’s hydroxyl group (-OH) and water molecules,
making it harder or more time-consuming to lose water, and
strengthen the interaction between the tobacco shred and
water molecules. Combined (Figure 6a,b), the water locking
effect of Gpe and Ppe was significantly higher than that of the
control, while it was slightly lower than that of glycerol and
propanediol.
As shown in Figure 7a, the area of the T21 band varied in the

following order: glycerol > Gpe > propanediol > Ppe > control.
In Figure 7b, the order was glycerol > propanediol > Gpe >
Ppe > control. At 32% relative humidity and 22 °C, the bound
water contents of the tobacco shred-control, tobacco shred-

Figure 8. TG-DTG curves of Gpe (a), TG-DTG curves of Ppe (b), DSC curves of Gpe (c), and DSC curves of Ppe (d).
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propanediol, tobacco shred-glycerol, tobacco shred-Ppe, and
tobacco shred-Gpe were 60, 70, 75, 65, and 72%, respectively
(Figure 7a), while the bound water contents of these groups

were 80, 91, 93, 82, and 90% at RH 84% and 22 °C (Figure
7b). Thus, the content of bound water in the tobacco shred
was probably due to the hydrophilic groups (hydroxyl groups)

Table 5. Pyrolysis Products of Gpe

Table 6. Pyrolysis Products of Ppe

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c06683
ACS Omega 2023, 8, 4716−4726

4723

https://pubs.acs.org/doi/10.1021/acsomega.2c06683?fig=tbl5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06683?fig=tbl5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06683?fig=tbl6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06683?fig=tbl6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06683?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


derived from glycerol, Gpe, propanediol, and Ppe. The number
of hydroxyl groups in glycerol and propanediol was greater
than that of Gpe and Ppe, resulting in the highest equilibrium
moisture content. These results also supported the findings of
earlier experiments that Gpe and Ppe could reduce the strong
hygroscopicity of glycerol and propanediol, respectively, and
meanwhile maintain a certain moisture absorption and
moisturizing capacity compared to the control.
3.3. Thermal Analysis of Gpe and Ppe. 3.3.1. TG-DTG

and DSC Analysis of Gpe and Ppe. Figure 8a,b shows the TG-
DTG curves for Gpe and Ppe, respectively. The primary mass
change stage of Gpe occurred between 217 and 450 °C, and a
peak temperature of 268.3 °C was reached to attain the highest
breakdown rate. The highest temperature for Ppe was 310.9
°C, with the main stage being between 203 and 450 °C. The
mass loss (TG) of Gpe and Ppe both dropped sharply by 94%
as the temperature increased. When the mass change stage was
finished, the residue was charred at high temperatures, and
only around 6% of its original weight was lost.
The DSC curves of Gpe and Ppe are shown in Figure 8c,d.

The enthalpy changes of the synthesized compounds were
documented, and the peak temperature of the DSC curves was
identified by thermal analysis. It was shown that the
endothermic peak temperatures of Gpe and Ppe were 377.9
and 369.0 °C, respectively. At this stage, the small molecules of
solid or liquid substances generated by the degradation of the
samples might be further decomposed into gaseous substances
due to heat absorption. TG-DTG and DSC analyses provided
a temperature basis for the analysis of pyrolysis products of the
samples, and the quantitative and qualitative analyses of the
pyrolysis products of GPe and Ppe could be implemented in
the next experiment.

3.3.2. Pyrolysis Analysis of Gpe and Ppe. In light of the
TG-DTG and DSC analysis results, the pyrolysis conditions
were designed in an atmosphere of the mixture of 91%
nitrogen and 9% oxygen at 350 and 400 °C, and Tables 5 and
6 list the small-molecule pyrolysis products from Gpe and Ppe,
respectively.
In Table 5, seven products were observed from the pyrolysis

of Gpe at temperatures of 350 and 400 °C via GC-MS. Among
them, 1,3-dihydroxypropan-2-one (44.92%), glycerol (9.86%),
2-methyl-1H-pyrrole (23.71%), compound 2 (16.16%), and
compound 3 (4.63%) were obtained at the temperature of 350
°C, while at the temperature of 400 °C, the pyrolysis products
were 1,3-dihydroxypropan-2-one (8.10%), pentanal (0.21%),
butanal (0.13%), glycerol (14.83%), 2-methyl-1H-pyrrole

(73.98%), and compound 2 (2.70%), which were recorded
via GC-MS.
In Table 6, the pyrolysis products from Ppe were 1,2-

propanediol (8.37%), 2-methyl-1H-pyrrole (45.12%), com-
pound 2 (33.16%), and compound 3 (3.54%) at the
temperature of 350 °C. However, 1,2-propanediol (41.48%),
2-methyl-1H-pyrrole (37.86%), and compound 2 (14.62%)
were formed at the pyrolysis temperature of 400 °C.
As seen in Tables 5 and S6, sweet substances were obtained

from the pyrolysis of Gpe and Ppe, such as 1,3-dihydrox-
ypropan-2-one, 2-methyl-1H-pyrrole, and 1,2-propanediol,
which are widely used in the food spice industry.13,39 Glycerol
and propanediol were the important parts among all the
cleavage products of Gpe and Ppe, respectively. It could be
concluded that the raw materials (glycerol and propanediol)
were obtained again at high temperature. Interestingly, the
relative contents of glycerol and propanediol were higher at
400 °C than those at 350 °C. Py-GC/MS study revealed a
correlation between the sample chemical structure and the
variety and contents of pyrolysis products. According to the
combined TG-DTG-DSC analysis, the ester bond (O�C−O)
from the samples may break and generate the synthetic
substrates that were then decomposed to form other
compounds. Then, the pyrolysis mechanism of Gpe and Ppe
was inferred.

3.3.3. Pyrolysis Mechanism of Gpe and Ppe. The pyrolysis
products were generated under different pyrolysis conditions.
As seen in Tables 5 and 6, the pyrolysis temperatures
influenced the relative contents of pyrolysis products. As
shown in Figure 9, it was believed that glycerol, 1,2-
propanediol, and compound 2 were reproduced, resulting
from the breaking of the ester bond O�C−O at the 5-position
of pyrrole. With the participation of oxygen in an air
atmosphere, 1,3-dihydroxypropan-2-one was observed and
compound 3 was derived from compound 2 through an
oxidation reaction. In addition, 2-methyl-1H-pyrrole could be
obtained from the depropyl reaction at the 1-position and
decarbonylative reaction of compound 3.19 These results were
consistent with our original ideas of designing the synthetic
route of the target compounds. It proved that polyol pyrrole
ester derivatives possess thermal stability and had the effect of
slow release of flavor in heat-processed foods.

4. CONCLUSIONS
In conclusion, two novel polyol pyrrole esters 2-(2,3-
dihydroxypropyl) 4-methyl 5-methyl-1-propyl-1H-pyrrole-2,4-

Figure 9. Pyrolysis mechanism of Ppe and Gpe.
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dicarboxylate (Gpe) and (2-hydroxypropyl) 4-methyl 5-
methyl-1-propyl-1H-pyrrole-2,4-dicarboxylate (Ppe) were de-
signed, synthesized, and confirmed by 1H NMR, 13C NMR, IR,
and HRMS. Then, the hygroscopicity, moisturizing, and
thermal behaviors were studied, and the pyrolysis mechanism
was inferred. It could be estimated from adsorption,
desorption, and low-field NMR tests that the moisture
retention and absorption abilities of Gpe and Ppe were
stronger than those of the control but weaker than those of
glycerol and 1,2-propanediol, respectively. Gpe and Ppe could
slow down the adsorption capacity to a certain extent
compared to the polyols (glycerol and propanediol). The
endothermic peak temperatures for Gpe and Ppe were 377.9
and 369.0 °C, respectively, and their total mass loss reached
94%, according to the results of TG-DTG-DSC. The ester
bond from Gpe and Ppe could be cleaved to form pyrolysis
products consisting of the raw materials and the substrates,
such as glycerol, 1,2-propanediol, and pyrrole derivatives.
Therefore, the target compounds (Gpe and Ppe) could solve
the problem of poor taste of cigarettes due to the strong water
absorption capacity of conventional polyols (glycerol and
propanediol) during processing, storage, and smoking of
tobacco; meanwhile, they showed thermal stability and could
be flavor precursors, which had the effect of sustained release
of flavor under high-temperature combustion. Therefore, the
two novel polyol pyrrole esters exert good effects on cigarette
moisture and flavor enhancement compared to traditional
humectants in the tobacco industry.
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