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The field of research related to CO, capture is significant and really attractive for sustainable green
chemistry. Focusing attention on this topic in our research led to obtaining new compounds based
on diamines. As a result of the syntheses carried out using aqueous solutions of diamines exposed
to the slow action of carbon dioxide from the air, three new monocarbamates were obtained. X-ray
powder diffraction data for the obtained compounds: 12-propCO, (C4H;(N>O») [a =9.3033(7),
b=9.2485(7), c =7.4735(1) A, B=111.214(7)°, V=599.46 A°, Z =4, space group Ia]; 13-propCO,
(C4H oN,O,) [a =5.0065(10), b=12.2093(23), c=4.9006(10) A, B=96.457(18)°, V=297.65A"
Z =2, space group P2]; and 13-dytekCO, (C¢H4N,0,) [a =28.374(3), ¢ =5.1726(9) A, V=
3606.53 A”, Z = 18, space group R3] are reported in this paper.
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I. INTRODUCTION

Amines have the ability to bond with carbon dioxide gas,
which leads to the formation of compounds called carbonates
or carbamates (Zhou et al., 2007; Leszczynski et al., 2022).
Aqueous solutions of selected aliphatic diamines were
exposed to the slow action of carbon dioxide from air under
normal conditions. As a result of the syntheses, several prod-
ucts were obtained and were investigated by performing
chemical analyses and recording diffraction patterns.

Studies devoted to these compounds seem to be signifi-
cant in the analysis of products formed on various types of sur-
faces near the plugs and valves of tanks containing amines or
their solutions. In the case of the synthesis of chemical com-
pounds with the participation of amines in aqueous solutions,
there is a high probability of contamination of these com-
pounds by products similar to those presented in this work.
These impurities may be formed in parallel with the main
product, or the obtained main product may slowly decompose
under the influence of the aggressive action of carbon dioxide.
Furthermore, understanding the reactivity and nature of the
formation of the studied compounds may be useful from the
point of view of green chemistry and in the broad sense of
research in the field of “carbon dioxide capture”, which will
undoubtedly contribute to environmental protection.

Products formed in the reaction of aliphatic diamines with
metal halides [for instance, coordination polymers MX, «
NH, — (CH,),, — NH,; —» MX,, hybrid compounds ZnS-1,3-
diaminopropane (Luberda-Durna$ et al., 2011; Gonzalez
et al., 2019)], stored under normal conditions and dried in
the air, exhibit higher carbon contents than expected from
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the structural data. Our research may contribute to explaining
the causes of this frequently observed phenomenon.

In fact, powder diffraction data for compounds denoted as
12-propCO, and 13-dytekCO, corrects diffraction data sub-
mitted by us previously to the PDF-4+ database (Gates-Rector
etal., 2019). Trying to obtain new molybdates of 1,2-diamino-
propane and 1,3-diaminopentane, MoO5; was dissolved in
excess of the relevant amine and water. By slow evaporation
in air white precipitates (usually wet and greasy) were
obtained. Diffraction patterns for the obtained solids were
indexed, and deposited as entries 00-61-1246 for 12-prop
and 00-62-0980 in the case of 13-dytek. MoOj3 used in the
reaction probably remained as an amorphous salt dissolved
in excess of amine (the sticky fraction surrounding the crystal-
line carbamates). Preparative studies without the use of MoO;
and tests using IR spectroscopy indicate the correctness of our
hypothesis and confirm the formation of 12-propCO, and
13-dytekCO, monocarbamates in our present studies.

Il. EXPERIMENTAL

All chemicals were purchased from commercial sources
and used without further purification. The following amines
purchased from Sigma-Aldrich were used for the experiment:
1,2-diaminopropane (12-dap), purity 99%; 1,3-diaminopropane
(13-dap), purity 98%; and 1,3-diaminopentane (13-dytek), purity
98%.

A. Sample preparation
1. Synthesis

Five milliliters of diamine 12-dap, 13-dap, and 13-dytek
were added to 20 ml of water and the prepared solutions were
left to air dry in a beaker covered with filter paper at room
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Figure 1.  Structural formulas of the obtained compound.

conditions. After 2 months, the obtained white powder products,
marked as 12-propCQO,, 13-propCO,, and 13-dytekCO,, were
thoroughly powdered and investigated by X-ray powder diffrac-
tion (XRPD) techniques and elemental analysis.

The elemental analysis showed the following percentage
composition for

12-propCO, C: 40.59%, H: 8.092%, N: 23.57%; calculated
values C: 40.67%, H: 8.53%, N: 23.71%;

13-propCO,, C: 39.00%, H: 8.992%, N: 21.69%; calculated
values C: 40.67%, H: 8.53%, N: 23.71%;

13-dytekCO, C: 49.30%, H: 9.627%, N: 18.76%; calculated
values C: 49.30%, H: 9.65%, N: 19.16%.

Similar studies were carried out for 1,2-diaminoethane. A
mixture of products with known structures deposited in the
CSD (Cambridge Structural Database, 2022) were obtained
as a result of the reaction, also listed in ICDD PDF-4+ as
PDF 00-034-1993 and 00-034-1992.

B. XRPD measurements and crystallographic studies

13-propCO, and 13-dytekCO, were thoroughly pow-
dered in a mortar and placed into a flat sample holder. In the
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case of 12-propCO,, the obtained product was placed into
the thin-walled glass capillary (0.1 mm) filled with the
amine 12-dap.

The XRPD measurements were performed at the Faculty
of Chemistry, Jagiellonian University, using an X’Pert PRO
MPD diffractometer, equipped with a diffracted beam graphite
monochromator, a PIXcel 1-D detector and Cu long fine focus
ceramic tube (generator setting: 40 kV and 30 mA) at 298 K.
The diffraction data were collected over the 26 angular range
from 3 to 80° (for capillary measurements from 6 to 100°)
with a step size of 0.02°. The divergence of the X-ray beam
was 0.25°.

lll. RESULTS AND DISCUSSION

The initial analysis of the recorded powder diffraction
data was conducted using the PANalytical X’pert
HighScore program (Degen et al., 2014) and the PDF-4+
database (Gates-Rector and Blanton, 2019) to verify the
purity of the products. For 12-propCO,, no additional
phases were found. In the powder data set for 13-propCO,
and 13-dytekCO,, some low-intensity reflections were
observed. These are most likely related to the formation of

13-pentCO,|
13-propCO,
12-prop002|
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Figure 2. Experimental powder diffraction pattern of the investigated carbamates: 12-propCO, (black line), 13-propCO;, (red line), and 13-dytekCO, (blue

line).
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TABLE I.  X-ray powder diffraction data of 12-propCO,.
260135 (O) dobs (A) Iobs (%) h k / 29(::11 (o) dcal (A) A20
13.977 6.3310 333 —1 1 0 13.987 6.3264 —0.010
15.905 5.5677 7.60 0 1 1 15913 5.5648 —0.008
19.172 4.6256 100 0 2 0 19.178 4.6243 —0.006
20.457 4.3379 46.1 2 0 0 20.464 4.3364 —0.007
22.022 4.0330 293 -2 1 1 22.029 4.0318 —0.007
23.287 3.8167 435 -1 2 1 23.293 3.8157 —0.006
25.550 3.4836 8.75 0 0 2 25.550 3.4835 0.000
25.716 3.4615 2.50 -1 1 2 25.713 3.4619 0.003
26.370 3.3771 25.5 -2 0 2 26.369 3.3772 0.001
27.117 3.2857 18.4 1 2 1 27.119 3.2855 —0.002
28.187 3.1634 10.5 -2 2 0 28.189 3.1632 —0.002
29.522 3.0233 7.00 2 1 1 29.525 3.0230 —0.003
30.756 2.9048 19.1 -1 3 0 30.756 2.9048 0.000
31.715 2.8191 3.52 0 3 1 31.714 2.8192 0.001
32.425 2.7589 5.20 -3 1 0 32.421 2.7593 0.004
1 1 2 32.421 2.7592 0.004
32.819 2.7267 2.10 -2 2 2 32.812 2.7273 0.007
33.737 2.6546 1.58 -3 1 2 33.735 2.6548 0.002
34.839 2.5731 0.50 -3 2 1 34.845 2.5727 —0.005
35.314 2.5396 3.15 -2 3 1 35.313 2.5396 0.001
37.844 2.3754 1.81 -1 3 2 37.815 2.3771 0.029
38.534 2.3345 0.93 2 0 2 38.534 2.3345 0.000
40.006 2.2519 5.22 —4 1 1 39.995 2.2525 0.011
0 1 3 39.996 2.2524 0.010
40.230 2.2399 3.40 —4 0 2 40.228 2.2400 0.002
40.617 2.2194 3.70 2 3 1 40.611 2.2197 0.006
41.292 2.1847 6.10 -1 2 3 41.294 2.1846 —0.002
41.626 2.1679 1.30 4 0 0 41.620 2.1682 0.006
42.623 2.1195 0.80 3 2 1 42.657 2.1179 —0.034
42.822 2.1101 1.50 -3 3 0 42.850 2.1088 —0.028
1 3 2 42.850 2.1088 —0.028
43.890 2.0612 1.56 -3 3 2 43.894 2.0610 —0.004
44.372 2.0399 2.32 -2 4 0 44364 2.0402 0.008
44.729 2.0244 1.02 -3 2 3 44.733 2.0243 —0.004
46.206 1.9631 0.94 4 2 0 46.206 1.9631 0.000
46.818 1.9389 0.73 —4 1 3 46.826 1.9386 —0.008
47.151 1.9260 0.70 0 4 2 47.139 1.9264 0.012
47.349 1.9184 1.70 -2 3 3 47.369 1.9176 —0.020
47.629 1.9077 1.63 -2 4 2 47.626 1.9078 0.003
48.230 1.8854 1.51 1 2 3 48.237 1.8851 —0.007
48.619 1.8712 0.81 3 1 2 48.619 1.8712 0.000
49.109 1.8536 0.67 —4 3 1 49.072 1.8549 0.037
0 3 3 49.073 1.8549 0.036
-3 4 1 49.14 1.8526 —0.031
50.466 1.8069 1.51 =5 1 2 50.503 1.8057 —0.037
-1 1 4 50.504 1.8057 —0.038
51.860 1.7616 0.81 2 1 3 51.852 1.7619 0.008
52.497 1.7417 0.67 0 0 4 52.495 1.7418 0.001
52.823 1.7317 0.64 -2 2 4 52.848 1.7310 —0.025
63.002 1.4742 0.89 5 2 1 62.963 1.4750 0.039
3 2 3 62.964 1.4750 0.038
—6 1 3 63.002 1.4742 0.000
64.348 1.4466 1.34 —4 5 1 64.334 1.4469 0.014
0 5 3 64.335 1.4469 0.013
67.926 1.3788 1.14 2 2 4 67.882 1.3796 0.044

competing phases that differ in hydration or the progressing
carbonization process. In order to obtain the unit cell parame-
ters and the space group, the XRPD patterns of 12-propCQO,,
13-propCO,, and 13-dytekCO, were indexed using the
N-TREOR program built in the program EXPO2014
(Altomare et al., 2013). For each compound, the space group
was determined by the reflection conditions derived from
the indexed reflections. The observed integrated intensities
were extracted by the Le Bail method using the program

255 Powder Diffr., Vol. 38, No. 4, December 2023

https://doi.org/10.1017/S0885715623000404 Published online by Cambridge University Press

EXP0O2004. The monoclinic cell a =9.3005, b=9.2471, c=
7.4743 A, and B=111.1854°, V =599.53 A°, with figures of
merit M,y =44 and F,y =156 (0.005329, 68) (De Wolf, 1968;
Smith and Snyder, 1979) were found for 12-propCQO,. All
lines were indexed. The analysis indicated the most probable
space group as la (FoM =0.536). For 13-propCO,, the solu-
tion with highest figures of merit M,y =64 and F,y=98
(0.007339, 28) indexed all reflections in the monoclinic
system with unit cell parameters a=15.0003, b=12.1937,
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TABLE II.  X-ray powder diffraction data of 13-propCO,.
2eobs (O) dobs (A) Iobs (%) h k ) 29(:211 (o) dcul (A) A20
14.520 6.1005 63 0 2 0 14.510 6.1047 0.010
17.839 4.9721 0.85 1 0 0 17.830 4.9748 0.009
18.220 4.8692 27.5 0 0 1 18.219 4.8694 0.001
19.279 4.6039 96 1 1 0 19.266 4.6071 0.013
19.638 4.5206 100 0 1 1 19.628 4.5229 0.011
23.079 3.8538 19.0 1 2 0 23.063 3.8565 0.016
23.378 3.8052 72 0 2 1 23.368 3.8068 0.010
24.099 3.6929 15.0 -1 0 1 24.094 3.6937 0.005
25.199 3.5342 2.81 -1 1 1 25.190 3.5355 0.009
27.020 3.300 313 1 0 1 27.026 3.2993 —0.005
28.040 3.1822 319 1 1 1 28.015 3.1850 0.025
28.240 3.1601 51.2 -1 2 1 28.239 3.1603 0.001
28.600 3.1213 59.7 0 3 1 28.586 3.1227 0.014
29.261 3.0522 3.70 0 4 0 29.260 3.0523 0.001
32.758 2.7339 5.70 -1 3 1 32.743 2.7351 0.015
34.700 2.5852 18.4 0 4 1 34.686 2.5862 0.014
34.960 2.5666 1.84 1 3 1 35.012 2.5629 —0.052
36.120 2.4868 0.95 2 0 0 36.111 2.4874 0.009
36.899 2.4361 13.5 2 1 0 36.879 2.4373 0.020
0 0 2 36.920 2.4347 —0.021
37.698 2.3863 1.52 0 1 2 37.674 2.3877 0.024
38.260 2.3525 3.51 -1 4 1 38.253 2.3529 0.008
38.761 2.3232 5.74 -2 0 1 38.756 2.3235 0.005
39.380 2.2881 17.4 —1 0 2 39.329 2.2910 0.051
39.841 2.2627 4.24 0 2 2 39.863 2.2615 —0.022
41.379 2.1821 11.0 0 5 1 41.365 2.1828 0.014
42.120 2.1454 2.17 —1 2 2 42.130 2.1449 —0.010
2 3 0 42.599 2.1224 0.020
42.619 2.1214 1.76 2 0 1 42.636 2.1206 —0.017
43.299 2.0896 6.44 0 3 2 43.305 2.0894 —0.006
2 1 1 43.306 2.0893 —0.016
43.825 2.0658 2.11 1 1 2 43.830 2.0656 —0.005
44.500 2.0360 4.76 -1 5 1 44.478 2.0370 0.022
0 6 0 44.526 2.0349 —0.026
44.921 2.0179 2.19 -2 3 1 44.923 2.0178 —0.003
45.281 2.0027 4.72 2 2 1 45.269 2.0032 0.012
46.279 1.9618 1.29 1 5 1 46.255 1.9628 0.024
47.100 1.9295 1.85 2 4 0 47.134 1.9282 —0.034
47.780 1.9036 2.53 0 4 2 47.787 1.9034 —0.007
48.400 1.8807 2.54 2 3 1 48.402 1.8806 —0.002
48.900 1.8626 3.50 1 3 2 48.882 1.8633 0.018
49.898 1.8277 6.34 -2 1 2 49.945 1.8261 —0.047
2 5 0 52.517 1.7425 0.043
52.560 1.7412 2.93 2 4 1 52.549 1.7415 0.011
53.080 1.7254 438 0 5 2 53.121 1.7241 —0.041
-2 5 1 54.517 1.6832 0.042
54.559 1.6820 3.67 -2 3 2 54.568 1.6818 —0.009
55.961 1.6432 3.45 3 1 0 55.962 1.6432 —0.001
0 7 1 56.004 1.6420 —0.043
57.138 1.6121 2.59 -3 1 1 57.131 1.6123 0.007
57.978 1.5907 3.81 1 5 2 57.993 1.5904 —0.015
59.981 1.5423 2.94 1 7 1 59.995 1.5420 —0.014
60.697 1.5258 1.67 0 8 0 60.682 1.5262 0.015
61.483 1.5082 1.41 0 3 3 61.507 1.5077 —0.023
63.901 1.4568 2.06 3 4 0 63.888 1.4571 0.014
0 8 1 63.926 1.4563 —0.026
65.001 1.4348 1.35 -2 0 3 64.981 1.4352 0.020

c=4.8968 A, p=96.47° and V=296.67 A>. P2, was indi-
cated as the most probable space group (FoM =0.889).
For 13-dytekCO,, the hexagonal unit cell with the highest
figures of merit Mpo=153 and F,y=90 (0.008288, 27), unit
cell parameters a =28.3506, b=28.3506, c=5.1702 A, and
V =3598.87 A’ were obtained. The analysis indicated the
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most probable space group as R3 (FoM = 0.282). The struc-
tural formulas of the investigated compounds are illustrated
in Figure 1.

Experimental powder diffraction patterns are presented in
Figure 2. XRPD data of the studied compounds are shown in
Tables I-III. The structural data for all three compounds are
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TABLE III.  X-ray powder diffraction data of 13-dytekCO,.

2eobs (O) dobs (A) Iobs (%) h k l 29(:211 (O) dcal (A) A26
6.238 14.1684 100 1 1 0 6.230 14.1872 0.008
10.799 8.1931 16.0 3 0 0 10.801 8.1912 —0.003
12.479 7.0932 0.79 2 2 0 12.479 7.0933 0.000
16.538 5.3605 17.0 4 1 0 16.532 5.3623 0.005
17.499 5.0680 8.59 1 0 1 17.522 5.0615 —0.022
18.759 4.7305 5.46 3 3 0 18.765 4.7289 —0.006
19.638 4.5207 37.7 2 1 1 19.645 4.5191 —0.008
21.698 4.0960 74 6 0 0 21.700 4.0955 —0.003
22.580 3.9379 7.82 5 2 0 22.598 3.9348 —0.018
23.322 3.8143 14.7 3 2 1 23.340 3.8113 —0.018
25.061 3.5533 7.63 4 4 0 25.109 3.5467 —0.047
25.778 3.4561 2.54 2 4 1 25.783 3.4555 —0.004
26.539 3.3587 11.8 5 1 1 26.550 3.3574 —0.011
27.399 3.2552 1.52 7 1 0 27.403 3.2548 —0.004
28.019 3.1846 6.38 4 3 1 28.026 3.1838 —0.007
28.839 3.0959 6.83 6 3 0 28.839 3.0959 0.000
29.421 3.0359 2.68 1 6 1 29.434 3.0346 —0.013
30.779 2.9051 2.77 7 0 1 30.783 2.9047 —0.004
31.442 2.8452 1.49 6 2 1 31.438 2.8456 0.004
32.799 2.7306 532 9 0 0 32.803 2.7303 —0.004
33.342 2.6873 11.3 5 4 1 33.333 2.6881 0.009
34.540 2.5968 1.06 2 7 1 34.546 2.5964 —0.006
35.240 2.5468 5.00 7 4 0 35.223 2.5480 0.017
35.720 2.5137 1.15 8 1 1 35.722 2.5136 —0.002
36.860 2.4385 2.80 7 3 1 36.865 2.4382 —0.005
37.179 2.4184 1.03 3 1 2 37.184 2.4180 —0.005
38.620 2.3314 1.15 10 1 0 38.604 2.3323 0.016
39.060 2.3061 1.66 1 9 1 39.065 2.3058 —0.005
39.680 2.2715 8.13 9 3 0 39.676 2.2717 0.004
41.460 2.1780 241 3 4 2 41.457 2.1782 0.003
42.180 2.1425 2.10 5 7 1 42.184 2.1423 —0.004
42.679 2.1186 0.52 8 4 1 42.686 2.1182 —0.007
43.460 2.0823 0.31 0 7 2 43.462 2.0822 —0.002
44.000 2.0580 1.45 2 6 2 43.952 2.0601 0.048
11 1 44.162 2.0508 0.038
44.200 2.0491 1.85 12 0 0 44232 2.0477 —0.032
44.701 2.0273 0.66 11 2 0 44.715 2.0267 —0.014
46.158 1.9667 1.32 10 4 0 46.140 1.9674 0.017
47.041 1.9318 0.94 10 3 1 47.005 1.9332 0.036
6 8 1 48.378 1.8815 0.042
48.420 1.8800 1.18 9 6 0 48.443 1.8791 —0.023
48.822 1.8654 0.45 9 5 1 48.829 1.8652 —0.007
51.493 1.7748 2.72 13 0 1 51.474 1.7754 0.019
8 8 0 51.536 1.7734 —0.043
51.858 1.7631 1.90 12 2 1 51.905 1.7616 —0.047
54.853 1.6737 1.19 7 9 1 54.856 1.6736 —0.004
58.058 1.5887 1.41 6 0 3 58.043 1.5891 0.015
13 3 1 58.104 1.5876 —0.046
58.563 1.5762 1.45 9 9 0 58.559 1.5763 0.004
60.797 1.5236 0.49 7 1 3 60.795 1.5236 0.002
TABLE IV. Crystal data for the investigated compounds.
12-propCO, 13-propCO, 13-dytekCO,
Lattice parameters
aA) 9.3033 (7) 5.0065 (10) 28.374 (3)
b (A) 9.2485 (7) 12.2093 (23) -
cA) 7.4735 (7) 4.9006 (10) 5.1726 (9)
B(©) 111.214 (7) 96.457 (18) -
Volume (A) 599.46 297.65 3606.53
z 4 2 18
Space group Ia P2, R-3
Crystal system Monoclinic Monoclinic Trigonal
Mo 44 64 53
Fs 56 (0.005329, 68) 98 (0.007339, 28) 90 (0.008288, 27)
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given in Table IV. The diffraction patterns for all compounds
are available in SI in cif and xy format.

IV. CONCLUSION

On the basis of the conducted research, it was established
that all the obtained compounds: 12-propCO,, 13-propCO,,
and 13-dytekCO, are monocarbamates. Unit cell parameters
and probable space groups were determined. Structural studies
are the subject of ongoing research.

Monocarbamates can be formed as unexpected, unwanted
products of synthetic reactions carried out in the presence of
moisture and air, in which amines are used as substrates.

V. DEPOSITED DATA

CIF and xy data files for the three reported compounds
were deposited with ICDD. You can request these data by
contacting ICDD at pdj@icdd.com.

Supplementary material

The supplementary material for this article can be found at
https:/doi.org/10.1017/S0885715623000404.
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