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ABSTRACT: In this study, a series of thiosemicarbazonato- hydrazinatopyridine metal complexes
were evaluated as to CO; capture agents. The complexes incorporate a non-coordinating, basic
hydrazinatopyridine in close proximity to a Lewis acidic metal ion allowing for metal-ligand
cooperativity. The coordination of various metal ions with (diacetyl-2-(4-methyl-
thiosemicarbazone)-3-(2-hydrazinopyridine) (HoL') yielded ML! (M = Ni{l), Pd(Il)),
ML!(CH3;0H) (M = Cu(ll), Zn(I)), and [ML!(PPh3);]BFs (M = Co(Ill)) complexes. The
ML!(CH30H) complexes reversibly capture CO with equilibrium constants of 88 = 9 and 6900 +
180 for Cu(Il) and Zn(II), respectively. Ligand effects were evaluated with Zn(II) through variation
of the 4-methyl-thiosemicarbazone with 4-ethyl (H2L?), 4-phenethyl (H.L?), and 4-benzyl (H,L*).
The equilibrium constant for CO; capture increased to 11,700 & 300, 15,000 £ 400, and 35,000 +
200 for ZnL?*(MeOH), ZnL*(MeOH), and ZnL*(MeOH), respectively. Quantification of ligand
basicity and metal ion Lewis acidity show that changes in CO; capture affinity are largely
associated with ligand basicity upon substitution of Cu(Il) with Zn(II), while variation of the
thiosemicarbazone ligand enhances CO> affinity by tuning the metal ion Lewis acidity. Overall,
the Zn(II) complexes effectively capture CO: from dilute sources with up to 90%, 86%, and 65%

COgz capture efficiency from 400 ppm, 1000 ppm, and 2500 ppm CO; streams.



Introduction

The direct air capture (DAC) of carbon dioxide from air has been studied since the 1930s to prevent
process equipment fouling' and to remove CO: from sealed vessels such as submarines’ and
spaceships.® More recently, CO, DAC has been under intense investigation as part of the strategy
to mitigate the progression of climate change resulting from global fossil fuel based economies.*
The DAC approach provides a means to concentrate and release CO» for utilization as a chemical
feedstock for applications such as fuel production, agricultural usage, and the synthesis of other
valuable products.’ The current industrial standard for CO, DAC is a thermal cycle, where aqueous
monoethanolamine is used as a nucleophile to capture CO> from a mixed gas stream and is released
at elevated temperatures. This process operates at a 90% capture efficiency with flue gas but
utilizes environmentally hazardous chemicals. Other small molecules capable of capturing and
releasing CO> upon heating include N-heterocyclic olefins, which also catalyze the cycloaddition
reaction of CO, with epoxides at higher pressures.® A promising alternative to aqueous amines are
small molecule metal complexes that capture CO2 by exploiting metal-ligand cooperativity
(MLC). While there are many promising reports of MLC in large systems such as MOFs’™ or
polymers,'? this study will focus on discreet molecular compounds capable of CO> capture and

release.

Metal-ligand cooperativity has been used in various catalysis applications such as C-C
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bond activation,''"'* C-N bond activation, cycloaddition/cyclization, and hydrogenation.?-
22 There are four known classes of MLC: (1) the use of the metal or ligand as a Lewis base or (2)
Lewis acid to cleave the substrate bond; (3) aromatic chelating ligands where dearomatization of
the ligand allows for cooperation between the metal and ligand; and (4) use of redox non-innocent

ligands that act as an electron reservoir during catalysis.”> Many studies have focused on the use



of MLC to capture and activate CO> during its electrocatalytic reduction.?*?® However, few studies
have systematically evaluated modification of ligand structure to tune MLC in order to control

COz capture and release.?’

We recently reported the CO» capture and electrochemical reduction based on the MLC
properties of  (diacetyl-2-(4-methyl-3-thiosemicarbazone)-3-(2-hydrazinatopyridine))zinc(II)
(ZnL").3°® The ZnL! complex contains a unique, non-coordinating basic nitrogen on the
hydrazinatopyridine moiety in close proximity to the Lewis acidic Zn(II) metal center. The basic
nitrogen and Lewis acidic metal react cooperatively to reversibly capture CO; as a zinc-
coordinated methylcarbonate complex. In this study, we explore a series of related complexes for
reversible CO; capture from dilute sources to evaluate the effect of metal substitution and ligand
variation, Figure 1, through measurement of ligand pK. values and CO: capture equilibrium

constants.
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Figure 1. Thiosemicarbazonato-hydrazinatopyridine metal complexes in the current study.



Experimental

Materials and Methods

All solvents and materials were purchased as reagent grade from VWR or Sigma-Aldrich. HoL!
(diacetyl-2-(4-methyl-thiosemicarbazone)-3-(2-hydrazinopyridine)) was isolated in high yields
from the procedure published by Cowley et al.*! and the NiL!, PdL! CuL!(MeOH), and
ZnL'(MeOH) complexes were synthesized using the previously reported methods.?!* For the
other ligands, the thiosemicarbazide precursors were synthesized as described previously for 4-
benzyl-3-thiosemicarbazide.>* All complexes and ligands in this study are stable in air and water

and did not require protection from the atmosphere.

Diacetyl mono(2-pyridyl)hydrazone: The following procedure is a modification of the reported
synthesis.> 24.14 g (0.2212 mol) of 2-hydrazinopyridine was dissolved in 100 mL of hot ethanol.
21.1 mL (0.242 mol) of 2,3-butanedione was then added and the mixture was refluxed for 30
minutes. The solution was then placed at -20 °C for one hour yielding a yellow precipitate. The
solution was filtered to isolate 26.58 g (0.1500 mol) of an orange crystalline solid (67.8% yield).
'H NMR (DMSO, ds, 700 MHz) &: 1.97 (3H, s), 2.35 (3H, s), 6.91 (1H, t, 6 Hz), 7.34 (1H, d, 8
Hz), 7.71 (1H, t, 8 Hz), 8.19 (1H, d, 4 Hz), 10.36 (1H, s). *C NMR (DMSO, ds, 176 MHz) §: 9.13,
24.13, 107.77, 117.30, 138.39, 142.96, 147.72, 156.35, 196.54. FT-IR (ATR): 3356 (vw), 3328
(W), 3241 (w), 1595 (m), 1574 (m), 1512 (s), 1489 (s), 1439 (m), 1419 (m), 1366 (w), 1323 (m),
1296 (m), 1268 (w), 1213 (s), 1194 (m), 1176 (m), 1139 (m), 1101 (m), 1074 (m), 1027 (w), 983
(W), 961 (w), 769 (m), 751 (m), 701 (w), 673 (w), 628 (m), 591 (m), 547 (m) cm™'. Elemental

analysis for CoH11N3O calc: C, 61.00; H, 6.26; N, 23.71. Found: C, 61.17; H, 5.96; N, 23.64.



(diacetyl-2-(4-ethyl-thiosemicarbazone)-3-(2-hydrazinopyridine)) H2L2?: 321 mg (1.81 mmol)
of diacetyl mono(2-pyridyl)hydrazone was dissolved in 60 mL of refluxing ethanol. Then 215 mg
(1.80 mmol) 4-ethyl-3-thiosemicarbazide was added with 20 drops glacial acetic acid and the
mixture was refluxed for two days. The round bottom was cooled to -20 °C for two hours. The
resultant precipitate was filtered and washed with 20 mL of cold diethyl ether. 422 mg (1.52 mmol)
of an off-white powder was isolated, 83.8%. 'H NMR (DMSO, ds, 700 MHz) &: 1.15 (t, 3H, 7 Hz),
2.21(d, 6 H, 2 Hz), 3.60 (t, 2H, 10 Hz), 6.84 (t, 1H, 6 Hz), 7.26 (d, 1H, 8 Hz), 7.67 (t, 1H, 8 Hz),
8.16 (d, 1H, 3 Hz), 8.33 (t, 1H, 6 Hz), 9.90 (s, 1H), 10.06 (s, 1H) ppm. '*C NMR (DMSO, ds, 176
MHz) &: 11.43, 14.48, 107.07, 115.89, 138.09, 144.10, 147.63, 148.79, 157.09, 177.32 ppm. FT-
IR (ATR): 3353 (w), 3334 (W), 3249 (br), 2961 (w), 2360 (W), 1594 (m), 1575 (m), 1509 (s), 1481
(s), 1441 (s), 1380 (m), 1315 (m), 1294 (m), 1270 (m), 1218 (m), 1171 (s), 1133 (m), 1101 (s),
1083 (m), 823 (m), 856 (m), 830 (w), 771 (s), 738 (W), 678 (m), 629 (W), 589 (w), 551 (w) cm™.
Elemental analysis for Ci12H1sNeS calc: C, 51.78; H, 6.52; N, 30.19. Found: C, 51.66; H, 6.47; N,

29.90.

(diacetyl-2-(4-phenethyl-thiosemicarbazone)-3-(2-hydrazinopyridine)) Hz2L3: 591 mg (3.03
mmol) 4-phenethyl-thiosemicarbazide and 537 mg (3.03 mmol) of diacetyl mono(2-
pyridyl)hydrazone were dissolved in 40 mL of refluxing ethanol. 15 drops of glacial acetic acid
were added to the solution, and the mixture was refluxed for two days. The solution was then
cooled to -20 °C until a white precipitate formed. The precipitate was filtered and rinsed with cold
diethyl ether to obtain 808 mg (2.28 mmol) off-white solid (75.2% yield). 'H NMR (DMSO, ds,
700 MHz) 6: 2.15 (s, 3H), 2.22 (s, 3H), 2.91 (t, 2H, 7 Hz), 3.80 (q, 2H, 5 Hz), 6.84 (d, 1H, 13 Hz),
7.28 (m, 5H), 7.67 (t, 1H, 8 Hz), 8.16 (d, 1H, 6 Hz), 8.30 (t, IH, 6 Hz), 9.91 (s, 1H), 10.22 (s, 1H)

ppm. 3C NMR (DMSO, ds, 176 MHz) &: 10.84, 11.50, 34.65, 45.17, 107.09, 115.93, 125.24



128.49, 128.63, 138.09, 139.23, 143.93, 147.63, 148.95, 157.08, 177.58 ppm. FT-IR (ATR): 3357
(vw), 3333 (vw), 3215 (br), 2863 (vw), 2360 (W), 1595 (m), 1573 (m), 1495 (s), 1467 (s), 1439
(s), 1391 (w), 1298 (m), 1221 (m), 1173 (m), 1141 (m), 1075 (m), 1050 (w), 983 (w), 920 (w), 768
(m), 748 (m), 737 (m), 700 (W), 677 (W), 590 (m) cm’!. Elemental analysis for C1sH22NeS calc: C,

60.99; H, 6.26; N, 23.71. Found: C, 60.58; H, 5.94; N, 23.63.

(diacetyl-2-(4-benzyl-thiosemicarbazone)-3-(2-hydrazinopyridine)) H:L* 500 mg (2.76
mmol) of 4-benzyl-thiosemicarbazide and 507 mg (2.86 mmol) of diacetyl mono(2-
pyridyl)hydrazone were dissolved in refluxing ethanol with 20 drops of glacial acetic acid. The
solution was then refluxed for two days and placed to cool in the freezer at -20 C overnight. The
solution was then filtered, rinsed with diethyl ether, and 715 mg (2.10 mmol) of a yellow powder
was isolated (73.4% yield). '"H NMR (DMSO, ds, 700 MHz): 2.21 (s, 3H), 2.25 (s, 3H), 4.86 (d,
2H, 6 Hz), 6.64 (t, 1H, 6 Hz), 7.25 (m, 2H, 5 Hz), 7.34 (m, 4H, 5 Hz), 7.67 (t, 1H, 7 Hz), 8.16 (s,
1H), 8.85 (s, 1H), 9.90 (s, 1H), 10.27 (s, 1H). 3C NMR (DMSO, ds, 176 MHz) &: 10.91, 11.55,
46.81, 107.10, 115.92, 126.73, 127.17, 128.19, 138.10, 139.35, 144.06, 147.62, 149.29, 157.06,
178.25. FT-IR (ATR): 3556 (w), 3328 (w), 3241 (br), 1595 (m), 1574 (m), 1516 (m), 1489 (s),
1439 (m), 1419 (m), 1366 (w), 1296 (m), 1268 (m), 1194 (m), 1139 (m), 1074 (m), 982 (w), 769
(m), 701 (m), 628 (m), 591 (m), 547 (w). Elemental analysis for C17H20NeS calc: C, 59.98; H, 5.92;

N, 24.69. Found: C, 59.50; H, 5.45; N, 24.43.

(diacetyl-2-(4-methyl-thiosemicarbazonato)-3-(2-hydrazinatopyridine))-

bis(triphenylphosphino)cobalt(III) tetrafluoroborate, [CoL'(PPhs)2]BF4: HoL' (275 mg, 1.04
mmol) and hexaaquocobalt (II) tetrafluoroborate (360 mg, 1.05 mmol) were suspended in 10 mL
of ethanol. To the brown slurry was added triethylamine (0.3 mL) and triphenylphosphine (554

mg, 2.11 mmol). The brown suspension was heated to reflux for 1 hour, cooled to room



temperature, and placed in a freezer. The resultant dark solid was filtered and washed with 5 mL
of cold ethanol and 20 mL of diethyl ether and dried under vacuum to obtain 550 mg (0.650 mmol)
brown solid (62.5% yield). Single crystals suitable for X-ray diffraction were obtained by vapor
diffusion of a saturated MeCN solution with diethyl ether. 'H NMR (DMSO, ds, 700 MHz) &:
2.04-2.28 (9 H, br), 6.01 (br, 1H), 6.36 (br, 1H), 6.99-7.90 (38 H, br) ppm. '°F NMR (DMSO, d&,
376 MHz) &: -148.40 ppm. *'P NMR (DMSO, ds, 162 MHz) §: 15.87 ppm. FT-IR (ATR): 1608
(W), 1509 (s), 1481 (m), 1455 (w), 1432 (s), 1399 (s), 1307 (vs), 1221 (s), 1136 (w), 1049 (vs),
988 (s), 841 (W), 777 (W), 751 (s), 693 (vs), 646 (w) cm™l. UV-Vis (MeCN, 10* M): 261 nm
(52,400 M 'em™), 556 nm (6,610 M cm™). Anal calc for C47H4aBCoF4NeP2S: C 60.53, H 4.76,

N 9.01. Found C 60.29, H 5.10, N 8.94.

(diacetyl-2-(4-ethyl-3-thiosemicarbazato)-3-(2-hydrazinatopyridine))zinc(Il), ZnL2: In a
round bottom flask with 50 mL of refluxing ethanol, 212 mg (0.762 mmol) of H,L? and 65 mg (1.5
mmol) of LiOH were added and the solution refluxed for 10 minutes. Then, 168 mg (0.765 mmol)
of Zn(OAc), was added and the solution immediately turned orange. The solution was refluxed
for an additional 4 hours and then chilled in the freezer for one hour. 185 mg (0.541 mmol) of a
bright orange powder was isolated (71.0% yield). 'H NMR (DMSO, ds, 700 MHz): 1.11 (t, 3H, 7
Hz) 2.12 (s, 3H), 2.15 (s, 3H), 6.24 (t, 1H, 6 Hz), 6.55 (d, 1H, 9 Hz), 6.99 (s, 1H), 7.26 (t, 1H, 8
Hz), 7.44 (d, 1H, 5 Hz). The methylene protons at 3.25 ppm are not observed in the 'H but are
observed in the COSY (Fig. S14). 3C NMR (DMSO, ds, 176 MHz) §: 12.14, 13.56, 14.71, 37.13,
109.79, 116.24, 135.84, 137.76, 145.34, 147.03, 164.50, 171.93, 174.78. FT-IR (ATR): 3341 (w),
2695 (w), 1602 (m), 1542 (m), 1535 (m), 1482 (m), 1419 (s), 1372 (m), 1335 (m), 1297 (s), 1253
(m), 1214 (s), 1153 (m), 1082 (m), 991 (m), 825 (m), 772 (m), 643 (m) cm™'. Elemental analysis

for C14H21N6SOZn calc: C, 40.37; H, 4.43; N, 21.73. Found: C, 39.33; H, 4.51; N, 21.66



(diacetyl-2-(4-phenethyl-3-thiosemicarbazato)-3-(2-hydrazinatopyridine))zinc(II), ZnL3: In
a round bottom flask with 30 mL of refluxing ethanol, 178 mg (0.502 mmol) of HoL? and 45 mg
(1.1 mmol) of LiOH were added. After 10 minutes, 116 mg (0.528 mmol) of Zn(OAc), was added
resulting in an immediate color change to orange. After refluxing for an additional 4 hours, the
solution was cooled in an ice bath and filtered. 193 mg (0.462 mmol) of a bright orange powder
was isolated (91.4% yield). Single crystals were isolated by slow evaporation of a saturated CO>
sparged methanol solution. "H NMR (DMSO, ds, 700 MHz) &: 2.13 (s, 3H), 2.19 (s, 3H), 2.87 (d,
2H, Hz), 3.51 (d, 2H, Hz), 6.25 (s, 1H), 6.56 (d, 1H, 9 Hz), 7.11 (s, 1H), 7.19 (t, 1H, 7 Hz), 7.23-
7.29 (m, 5H), 7.46 (s, 1H) ppm. >°C NMR (DMSO, ds, 176 MHz) §: 12.14, 13.63, 34.99, 44.32,
109.84, 116.33, 125.98, 128.35, 128.63, 135.68, 139.98, 145.36, 147.48, 164.56, 176.12, 179.86
ppm. FT-IR (ATR): 3335 (br), 2917 (w), 2858 (w), 2359 (w), 1602 (m), 1519 (m), 1476 (m), 1420
(m), 1336 (m), 1293 (m), 1229 (m), 1213 (m), 1194 (m), 1148 (m), 1093 (m), 1048 (m), 991 (m),
879 (w), 820 (m), 763 (m), 750 (m), 701 (m), 646 (m), 597 (w), 559 (w) cm™!. Elemental analysis

for C18H20N6¢SZn calc: C, 51.74; H, 4.82; N, 20.11. Found: C, 51.53; H, 5.00; N, 20.17.

(diacetyl-2-(4-benzyl-3-thiosemicarbazato)-3-(2-hydrazinatopyridine))zinc(Il), ZnL*: In a
round bottom flask with 40 mL of refluxing ethanol, 170 mg (0.499 mmol) of H,L* and 42 mg (1.0
mmol) of LiOH were added. After 10 minutes, 107 mg (0.487 mmol) of Zn(OAc) resulting in an
immediate color change to orange. After refluxing for an additional 4 hours, the solution was
cooled to room temperature and placed in a freezer overnight. Filtration yielded 104 mg (0.258
mmol) of a bright orange powder (52.9% yield). Single crystals were grown by slow evaporation
in methanol. '"H NMR (DMSO, ds, 700 MHz) §: 2.10 (s, 3H), 2.11 (s, 3H), 4.50 (d, 2H, 5 Hz), 6.25
(s, IH), 6.54 (d, 1H, 9 Hz), 7.19 (t, 1H, 4 Hz), 7.29 (m, 3H, 4 Hz), 7.33 (d, 2H, 7 Hz), 7.45 (s, 1H),

7.57 (s, 1H) ppm. *C NMR (DMSO, ds, 176 MHz) §: 12.06, 13.55, 35.01, 44.29, 109.70, 109.85,



116.26, 116.36, 125.85, 126.06, 128.50, 128.68, 135.63, 137.63, 137.82, 139.95, 145.24, 145.42,
164.57 ppm. FT-IR (ATR): 3706 (s), 3680 (s), 3335 (w), 2973 (br), 2865 (s), 2075 (w), 2053 (W),
1602 (w), 1510 (w), 1455 (m), 1346 (s), 1322 (m), 1057 (s), 1014 (s), 882 (w), 818 (m), 765 (m),
732 (m), 646 (m), 603 (w) cm™'. Elemental analysis for C1sH22N6SOZn calc: C, 49.60; H, 5.09; N,

19.28. Found: C, 50.08; H, 5.45; N, 18.71.

Physical Methods

Elemental analysis was performed by Micro-Analysis Inc. (Wilmington, DE, USA) using TCD
and combustion. NMR data was collected on Varian Inova 400 MHz and 700 MHz NMR
spectrometers with deuterated DMSO purchased from Cambridge Isotopes. Infrared spectra were
recorded on a ThermoFisher Nicolet iS20 FT-IR with an ATR attachment (0.25 cm™! resolution)

for solid samples or with a Specac CaF; IR cell for solution samples.

pH measurements

All pH titrations used a Horiba Scientific LAQUA ion meter F-72G pH probe filled with sat. KCI
in methanol. Prior to use each day, the probe was calibrated with Horiba Scientific calibration pH
standards at pH 2.00 (act. pH was 1.68, model 100-2), 4.00 (act. pH was 4.01, model 100-4), 7.00
(act. pH was 7.00, model 100-7U), and 10.00 (act. pH was 10.01, model 100-10U). In a typical
experiment, 10 mg of complex was added to 20 mL of methanol, which had been sparged with
argon for at least 30 minutes prior to use. During the experiment, the solution was constantly
stirring and sparging with argon to prevent carbon dioxide contamination (methylcarbonic acid
formation). The solution was stirred until the pH reading stabilized. For compounds that were
relatively acidic, titration from the neutral species to the protonated species was performed using

HBF; as titrant. A stock solution of HBF4 was standardized each day using sodium carbonate and



phenolphthalein as an indicator. For more basic compounds ZnL!**(MeOH), the species was first
protonated using an excess of the previously described standardized HBF4 solution then titrated

with KOH. KOH was standardized with KHP and phenolphthalein.

Crystallographic Studies

[CoL!(PPhs)2]BF4: The CrysAlisPro*® CCD software package was used to acquire a total of 517
ten second frame w-scan exposures of data for a purple prism crystal at 102 K to a 20 max = 60.92°
using monochromated MoKa radiation (0.71073 A) from a sealed tube. Frame data were processed
using CrysAlisPro RED to determine final unit cell parameters: a = 12.7669(4) A, b = 15.2243(4)
A, c=24.4256(7) A, a=90°, B =102.715(3)°, v = 90°, V = 4631.1(2) A3, Dcarc = 1.421 mg/m°, Z
= 4 to produce raw hkl data that were then corrected for absorption (transmission min./max. =
0.886 /1.000; p = 0.547 mm™) using SCALE3 ABSPACK.?’ The structure was solved using
Patterson methods in the space group P21/c using SHELXS?® and refined by least squares methods
on F? using SHELXL.*® Non-hydrogen atoms were refined with anisotropic atomic displacement
parameters. The BF4 counter ion was modeled using a spinning top disorder with full one
occupancy B1 and F1 atom. 0.70 occupancy F2a, F3a, F4a and 0.15 occupancy F2b, F3b, F4b,
F2c, F3c, and F4c atoms were used to complete the disorder model applying 15 geometric
restraints. The nitrogen H was located by difference maps and refined isotropically. Methyl and
phenyl hydrogen atoms were placed in their geometrically generated positions and refined as a
riding model and these atoms were respectively assigned U(H) = 1.5 and 1.2 x Ueq. For all 14,055
unique reflections (R(int) 0.034) the final anisotropic full matrix least-squares refinement on F?

for 604 variables converged at Ri = 0.059 and wR» = 0.124 with a GOF of 1.02.



ZnL3(MeOH): An orange plate 0.35 x 0.10 x 0.02 mm? crystal grown from a solution of methanol
in a round bottom flask was mounted on a CryoLoop for collection of X-ray data on an Agilent
Technologies/Oxford Diffraction Gemini CCD diffractometer. The CrysAlisPro*® CCD software
package (v 1.171.40.67a) was used to acquire a total of 956 twenty-three second frame m-scan
exposures of data at 102 K to a 20 max = 57.40° using monochromated MoKa radiation (0.71073
A) from a sealed tube. Frame data were processed using CrysAlisPro*® RED to determine final
unit cell parameters: a = 7.4714(5) A, b= 11.8168(7) A, ¢ = 11.8709(7) A, a. = 95.509(5)°, B =
98.512(5)°, y = 106.554(5)°, V = 982.93(11) A%, Dcaic = 1.520 mg/m>, Z = 2 to produce raw hkl
data that were then corrected for absorption (transmission min./max. = 0.736/1.00; = 1.379 mm"
1 using SCALE3 ABSPACK.*" The structure was solved by Direct methods in the triclinic space
group P-1 using SHELXS?® and refined by least squares methods on F? using SHELXL.*® Non-
hydrogen atoms were refined with anisotropic atomic displacement parameters. Hydrogen atoms
were placed in their geometrically generated positions and refined as a riding model and these
atoms were assigned U(H) = 1.5 x Ueq for methyl H’s and 1.2 x Ueq for all other H’s. For all 5057
unique reflections (R(int) 0.100) the final anisotropic full matrix least-squares refinement on F?

for 312 variables converged at R! = 0.062 and wR? = 0.109 with a GOF of 1.04.

ZnL*(MeOH): Crystals of ZnL*MeOH) suitable for x-ray analysis were grown by slow
evaporation of a CO, saturated methanol solution. X-ray structural analysis for ZnL*(MeOH) was
performed on a 0.35 x 0.15 x 0.04 mm? orange plate using an identical data acquisition strategy
described above for ZnL*(MeOH) at 102 K t0 a 2 Gmax = 55.02°. ZnL*(MeOH) crystallizes in the
triclinic space group P1 bar with unit cell parameters: a = 7.5571(4) A, b = 8.4581(4) A, ¢ =

15.4435(9) A, o = 75.871(5)°, p=76.936(5)°, y=86.110(4)°, V = 932.41(9) A*, Z = 2 and Dcarc =

1.552 Mg/m® 4267 raw independent data from 501 fifty second frames were corrected for



absorption (transmission min./max. = 0.921 / 1.000; p= 1.451 mm') using SCALE3
ABSPACK.*” The structure was solved by Patterson methods using SHELXTL. All non-hydrogen
atoms were refined with anisotropic atomic displacement parameters. NH, OH, phenyl and
methylene hydrogen atoms were located by difference maps and refined isotropically. Methyl
hydrogen atoms were placed in their geometrically generated positions and refined as a riding
model and these atoms were assigned U(H) = 1.5 x Ueq. For all 4,267 unique reflections (R(int)
0.058) the final anisotropic full matrix least-squares refinement on F? for 179 variables converged
at R1 =0.067 and wR2 = 0.089 with a GOF of 1.05.

Results and Discussion

Synthesis and Characterization

A series of metal complexes of the tetradentate ligand diacetyl-2-(4-methyl-3-thiosemicarbazone)-
3-(2-hydrazinopyridine) (H2L1), Figure 1, were synthesized and characterized to evaluate the effect
of metal variation on CO» capture. The complexes NiL!, PAL!, CuL!(MeOH), ZnL'(MeOH) were
prepared as previously reported in the literature.’!** The computationally optimized structures of
the Ni(Il) and Pd(II) derivatives are square planar as expected for four-coordinate d® metal
complexes with sharp NMR signals.>* The Cu(Il) and Zn(II) are square pyramidal with methanol
solvent coordinated in the apical position. The Co(Ill) derivative, [CoL!(PPhs):]BF4, was
synthesized from HxL!, cobalt(II) tetrafluroborate, and triphenylphosphine upon reflux in solution
under aerobic conditions. X-ray quality crystals of [CoL!(PPhs),]BFs were isolated by vapor
diffusion of a concentrated acetonitrile solution with diethyl ether. The Co(Ill) sits in a pseudo-
octahedral environment with trans PPhs donors and the N3S donors of L1> occupying the equatorial

plane (Fig. S1).



To evaluate the effect of ligand modification on CO> capture, a series of ligands with
variation of the thiosemicarbazone pendent amine and their Zn(II) complexes were prepared,
Figure 1. By variation of the thiosemicarbazide reagent in the ligand synthesis, the methyl
substituent on the pendent amine of H,L' was replaced with ethyl (H,L?), phenethyl (HzL?), and
benzyl (H,L*) amine. The corresponding Zn(II) complexes were prepared by refluxing a solution
of the ligand with one equivalent of zinc(Il) acetate and two equivalents of lithium hydroxide. All
isolated zinc compounds are orange, air-stable compounds that were characterized by 'H and '*C
NMR and FT-IR spectroscopies. For example, the 'H NMR spectrum of H,L? displays pyridyl
resonances at 6.84, 7.26, 7.67, and 8.16 ppm that are shifted upfield to 6.24, 6.55, 7.26, and 7.44
ppm in ZnL?>(MeOH) (Fig. S13). Additionally, the IR spectrum of H,L? displays a thioamide bend
at 678 cm™!, C=N thioamide stretching modes at 1509 and 1594 cm™', and an NH stretch at 3353
cm! that shift to 643 cm™!, 1535 cm™, and 3341 cm! in ZnL*(MeOH). Similar trends are observed
in the spectra of H,L** and their Zn(II) complexes, ZnL>*. X-ray quality crystals of ZnL3(MeOH)
and ZnL*(MeOH) were grown from slow evaporation in methanol. In each complex, the Zn(II)
ion sits in a distorted square pyramidal environment, Figure 2, similar to ZnL'(MeOH).*® A

comparison of metric parameters is provided in Table S2.



Figure 2. ORTEP representations of (A) ZnL}(MeOH) and (B) ZnL*(MeOH).

An overview of the electronic spectra of the ML! complexes and ML*(MeOH) derivatives
in methanol is provided in Table 1. The spectra of the complexes can be divided into two groups
based on the number of observed charge transfer transitions associated with the 2-
hydrazinatopyridine functional group in the region from 400 — 500 nm. For [CoL!(PPhs),]*, NiL!,
PdL!, a single band is observed in the 400 — 500 nm region associated with charge transfer between
the metal ion and hydrazinatopyridine moiety of the [L']* ligand (Fig. S24 — S26). The band shifts
to higher energy for the six-coordinate Co(IIl) complex relative to the square planar Ni(Il) and

Pd(Il) complexes. For CuL!(MeOH) and ZnL'*(MeOH), the observed spectra include a lower



energy hydrazinatopyridine band associated with the neutral complex, ML"(MeOH), and a higher
energy charge transfer band for its protonated derivative [M(HL")(MeOH)]". A representative
spectrum of a 0.1 mM solution of ZnL?(MeOH) in methanol is shown in Figure 3. Spectra for other
complexes are provided in Figures S20 — S23. The ratio of the two bands varies as a function of
complex concentration as expected for acid-base equilibria. Spectra of the neutral complexes
ML"(MeOH) were obtained through the addition of KOH to fully deprotonate the ligand.
Similarly, the spectra for the [M(HL")(MeOH)]" complexes were obtained by the addition of

collidinium hexafluorophosphate.
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Figure 3. UV-vis spectra of 0.10 mM ZnL*(MeOH) with KOH added to shift equilibrium to
ZnL*(MeOH) (blue), with collidinium hexafluorophosphate added to shift equilibrium to

[Zn(HL?)(MeOH)]" (red), and as prepared as a mixture of protonation states (purple).



Table 1. Comparison of ML! and ZnL"(MeOH) complexes in methanol.

UV-vis pKa

Complex Color

Amax (€ M cm™) [MHLY]*
[CoL!(PPhs),]BF4 purple 568 (4150) 8.22+0.15
NiL! green 700 (1760) 6.18 £ 0.05
PdL! blue 632 (5040) 523+0.11
CuL!(MeOH)" purple 515 (8660) 8.20 +0.08
[Cu(HL")(MeOH)] " orange 471 (5100)
ZnL'(MeOH)* orange 478 (8570) 10.88 £ 0.09
[Zn(HL')(MeOH)]™ yellow 422 (3520)
ZnL*(MeOH)* orange 476 (5840) 10.99 +0.10
[Zn(HL?)(MeOH)] ™ yellow 424 (4400)
ZnL*(MeOH)* orange 476 (6340) 10.93 £0.05
[Zn(HL?)(MeOH)]™ yellow 423 (4960)
ZnL*(MeOH)“ orange 473 (4630) 10.29+0.10
[Zn(HL*)(MeOH)]™ yellow 421 (3250)
ASamples prepared by addition of KOH to a solution of ML"(MeOH) in methanol under Ar.
®Samples prepared by addition of collidinium hexafluorophosphate to a solution of
ML"(MeOH) in methanol under Ar.

To quantify the basicity of the non-coordinating, hydrazinatopyridine nitrogen as a
function of metal and ligand variation, a series of titrations was conducted to determine the pK, of
the protonated [M(HL")]" and [M(HL")(MeOH)]" complexes. All titrations were conducted in
methanol under a continuous argon purge to prevent reactivity with dissolved CO.. As previously
reported for ZnL!'(MeOH), the non-coordinated, hydrazinatopyridine nitrogen is the site of

protonation.>® The NiL' and PdL' complexes were successfully titrated with HBF4 with a color



change which accompanied the transition from the neutral to the protic species. For the remaining
complexes, the pK, was determined by back titration of the protonated complex due to the
increased basicity of the hydrazinatopyridine nitrogen. All pK, values are tabulated in Table 1.
The square planar NiL' and PdL! complexes have the least basic hydrazinatopyridine nitrogen
with associated pK, values of 6.18 and 5.23, respectively. The complexes with coordinated
methanol, CuL!(MeOH) and ZnL'**(MeOH), are significantly more basic with observed pK,
values of 8.20 and 10.29 — 10.99, respectively. The ZnL'*(MeOH) complexes are more than 2
orders of magnitude more basic than CuL'(MeOH) due to the greater Lewis acidity of Cu(II). For
the series of Zn(II) complexes, ZnL*(MeOH) is less basic than ZnL!-(MeOH), which have similar

basicities.

Reversible CO: Capture

The various metal derivatives of HoL! and Zn(II) derivatives of HoL>* (Fig. 1) were evaluated to
determine their ability to capture CO,. Methanol solutions of each complex were sparged with CO»
(1 atm) with monitoring by UV-visible spectroscopy. The square planar NiL' and PdL! and six-
coordinate [Co(L")(PPhs)2]" complexes showed no spectral changes indicating these complexes
have no affinity for CO,. Solutions of the Zn(L!*)(MeOH) complexes, on the other hand,
uniformly displayed a rapid color change from orange to yellow upon the introduction of CO>. The
color change is associated with a change in the protonation state of the hydrazinatopyridine
chromophore. Sparging of the solutions with Ar changed the yellow solution back to orange as the
captured CO> was displaced indicating a reversible process, as shown in Figure S27. Similarly, the
introduction of CO> into purple solutions of CuL'(MeOH) resulted in a color change to orange,

which can be reversed upon sparging with Ar.



Metal—ligand cooperativity facilitates the CO; capture as a metal-bound methylcarbonate,
Figure 4. The non-coordinated, hydrazinatopyridine nitrogen serves as an intramolecular,
Bronsted-Lowry base that is protonated in the CO; capture complex. The metal ion serves as a
Lewis acid to stabilize the methylcarbonate anion. X-ray crystallographic studies on yellow single
crystals grown from ZnL!(MeOH) under a CO2 atmosphere confirm the identity of the CO»
captured product as Zn(HL')(O.COMe).>° Repeated attempts to obtain single crystals of the Cu(II)
derivative and the Zn(HL?**)(O.COMe) analogues were unsuccessful. Product identity was
confirmed by FT-IR and 'H NMR spectroscopy. The addition of CO; to Zn(L")(MeOH) in
CDs;OD:CH3OH (25:75) shifts all 'H NMR resonances downfield as expected for the
Zn(HL")(0,COMe) complexes. For ZnL*(MeOH), the methyl resonances shift from 2.20 and 2.21
ppm to 2.34 and 2.35 ppm, while the hydrazinopyridine peaks shift from 6.66, 6.84, 7.56, and 7.74
ppm to 7.06, 7.12, 7.91, and 8.05 ppm. The other Zn complexes show similar shifts. To further
confirm the formation of methylcarbonate, FT-IR spectra were collected on ZnL"(MeOH)
solutions in 10% CD3OD and 90% dichloromethane under Ar and CO,. As shown for
ZnL*(MeOH) (Fig. S31), the introduction of CO; results in a new, sharp peak at 1613 cm™ and a
series of broader peaks between 1629 and 1700 cm™ consistent with an equilibrium mixture of
bound and unbound methylcarbonate.* Similar spectra were obtained for the other Zn complexes

(Fig. S32).
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Figure 4. Metal-ligand cooperativity for CO; capture with ML"(MeOH) complexes.

The equilibrium constant for CO» capture, K, associated with the reversible capture of CO2
as a metal-bound methylcarbonate species (Scheme 1, equation 1) was determined
spectrophotometrically. The color changes from orange to yellow for the Zn(Il) complexes and
purple to orange for CuL!(MeOH) upon CO; capture associated with a change in the protonation
state of the hydrazinatopyridine chromophore. As shown in Figure 5, a 0.2 mM solution of
ZnL?*(MeOH) in methanol displays a prominent peak at 487 nm under Ar associated with the
hydrazinatopyridine chromophore in the unprotonated state. Sparging the solution with 1 atm CO»
results in a shift of the hydrazinatopyridine peak to 430 nm due to protonation as part of the capture
process. At lower COz pressures (100 — 1000 ppm), the relative intensity of the two peaks varies

as a function of CO, concentration. Analysis of the data using Bindfit**-4?

yielded a COz capture
equilibrium constant (K;) of 11,700 + 300 for ZnL?>(MeOH). Similar measurements were
conducted for the other Zn(IT) and Cu(Il) complexes with their associated K, tabulated in Table 2.
Notably, ZnL*(MeOH) has the highest equilibrium constant for CO> capture, K; = 35,000 + 200,

despite having lower basicity than the ZnL!~*(MeOH) complexes. The equilibrium constant of 88



+ 9 for the Cu(Il) complex CuL!(MeOH) is ~400 times lower than the corresponding Zn(II)

complex.

Scheme 1. Overall and stepwise CO> capture reactions.

Overall CO, Capture Reaction
MLP(MeOH) + CO, +=—= M(HL")(O,COMe) Ky (1)

Protonation Reaction
ML"(MeOH) + CO, + MeOH <= [M(HL")(MeOH)]* + MeOCO,~ K, (2)

Ligand Exchange Reaction
[M(HL™)(MeOH)]* + MeOCO,~ g2 M(HL")(O,COMe) + MeOH K3 (3)
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Figure 5. Spectrophotometric titration of a 0.20 mM solution of ZnL*(MeOH) in methanol under

a 1 atmosphere stream of Ar/CO; containing 0, 250 ppm, 750 ppm, 1000 ppm, and 1 atm of COs,.



Table 2. Equilibrium constants for ML"(MeOH) complexes with CO2 in methanol.

K, K> K3

Complex

CO; Affinity Protonation Ligand Exchange
CuL!(MeOH) 88+9 0.17+£0.03 520 + 100
ZnL!'(MeOH) 6900 + 180 81+17 85+ 18
ZnL*(MeOH) 11,700 £ 300 105 +24 112 +£26
ZnL*(MeOH) 15,000 £ 400 91+ 10 164 £ 18
ZnL*(MeOH) 35,000 £+ 200 21+2 1670 £ 160

Thermodynamic Discussion

Metal-ligand cooperativity promotes CO: capture in a reaction that is dependent on the Bronsted-
Lowry basicity of the hydrazinatopyridine ligand and the Lewis acidity metal ion. As shown in
Scheme 1, the overall CO: capture reaction (equation 1) can be conceptually represented as the
combination of a Bronsted-Lowry acid-base reaction (equation 2) and a ligand exchange reaction
(equation 3). This approach provides a means to deconvolute the effect of the ligand basicity and
metal acidity on the CO2 capture reaction. It does not require the reaction mechanism necessarily
proceeds via these steps. As reported for ZnL!(MeOH),*® a mechanism involving tautomerization
between ZnL!(MeOH) and Zn(HL')(OMe), followed by CO, insertion is consistent with the

known COz reactivity of other metal-alkoxide complexes.
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The acid-base reaction in equation 2 involves a proton transfer between methylcarbonic
acid (CH30CO;H), formed upon dissolution of CO> in methanol, and the hydrazinatopyridine of
M(L")(MeOH). The dissolution of CO» in methanol yields small amounts of methylcarbonic acid,
analogous to the formation of carbonic acid upon CO> dissolution in water. The effective pK, for
the acid dissociation of COz in methanol to CH3OH," and methylcarbonate as the conjugate base
is 8.97.% Based on this effective pK, and the measured pK, values associated with the ML (MeOH)
complexes in Table 1, equilibrium constants (K>) for the acid-base reactions were calculated. As
shown in Table 2, for each of the ML"(MeOH) complexes, the overall equilibrium constant (K;)
is greater than the acid-base equilibrium constant (K>). This clearly shows that CO» capture is not
a simple acid-base reaction between ML"(MeOH) and methylcarbonic acid. The ratio of K;/K>
defines K3, which represents the ligand exchange reaction between the weak, neutral Lewis base
methanol with the much stronger, anionic Lewis base methylcarbonate and provides an indirect
measure of Lewis acidity of the metal. This Lewis acidity factor increases the CO: capture affinity
by stabilizing the conjugate base (methylcarbonate) of the acid-base reaction through coordination

similar to the way HF is transformed from a weak acid to a super acid upon addition of SbFs.

A comparison of the equilibrium constants in Table 2 reveals some interesting trends. The
data for CuL'(MeOH) and ZnL'(MeOH) reveal a clear metal ion effect with a substantial increase
in CO: capture affinity upon substitution of Cu(Il) with Zn(Il). Within the Zn(II) series, a ligand
effect is observed with the ability to further increase CO: capture affinity upon variation of the
ligand substituents. For the ML!(MeOH) complexes, substitution of Cu(Il) with the less Lewis
acidic Zn(II) ion results in a substantial increase in the basicity of the hydrazinatopyridine nitrogen
as evidenced by an increase in K> by a factor of ~500. However, the lower Lewis acidity of Zn(II)

also decreases the affinity for methylcarbonate as demonstrated by the ~6 fold decrease in K;.



Overall, the CO; capture affinity increases from 88 to 6900 upon substitution of Cu(II) with Zn(II).
The CO» capture affinity can be further enhanced by fine tuning of the ligand. As noted above, the
ZnL'3(MeOH) complexes have similar basicities, which leads to similar K> values. The observed
increase in K; within this series results from increased Lewis acidity of the Zn(II) ion. The greatest
COz capture affinity is observed for ZnL*(MeOH). The benzylamine substituent in this complex
substantially increases the Lewis acidity of the Zn(II) by at least one order of magnitude relative
to the other Zn complexes, as indicated by the K3 values. However, it also slightly decreases the
basicity of the non-coordinating nitrogen in the hydrazinatopyridine, by a factor of ~4, as shown
in the K> values. The net result is a CO» capture affinity, K;, for ZnL*(MeOH) that is at least double
that of the other Zn complexes. Within the other complexes, ZnL!'-*(MeOH) all have similar ligand
basicities (K>), with some variation in Lewis acidity (K3) that is responsible for changes in CO»

capture affinity.

Conclusion

A series of thiosemicarbazonato-hydrazinatopyridine metal complexes have been synthesized,
characterized, and evaluated for their ability to capture CO». Although the Co(III), Ni(Il), and
Pd(II) complexes showed no CO» capture affinity, metal-ligand cooperativity facilitates CO-
capture with the Cu(Il) and Zn(II) ML"(MeOH) complexes in methanol. The reaction involves
complimentary protonation of the non-coordinated, hydrazinatopyridine nitrogen in a Brensted-
Lowry acid-base reaction and stabilization of the methylcarbonate anion via coordination to the
Lewis acidic metal ion. As such, the equilibrium constant for CO; capture, K;, depends on both
the ligand basicity, K>, and the metal Lewis acidity, K3. Overall, the Zn(II) complexes bind CO>
significantly stronger than Cu(II) due to increased ligand basicity. Variations in the Lewis acidity

of the Zn(II) complexes by variation of the pendent amine on the thiosemicarbazone functional



group further enhanced COz capture with the benzylamine derivative, ZnL*(MeOH), showing the

best performance.

The Zn(II) complexes efficiently bind CO, from dilute sources such as enclosed interior
spaces or air. The concentration of CO within buildings typically varies from ~400 ppm
(concentration in air) to 2500 ppm with 1000 ppm identified by the World Health Organization as
a maximum level for indoor air quality.*’” As shown in Figure 6a, a 0.3 mM solution of
ZnL*(MeOH) effectively captures 90% of the CO, from 400 ppm air, 86% of 1000 ppm CO, and
65% of 2500 ppm COs.. The other Zn(II) complexes perform slightly less well, but all capture at
least 64%, 59%, and 46% of CO; at 400, 1000, and 2500 ppm, respectively. The CuL'(MeOH) is
significantly less effective as it binds only 2 — 3% of these dilute CO: streams. At higher CO>
concentrations associated with flue gas exhaust (15% CO,)* or pure CO, streams (1 atm) the
percentage of CO; sequestered from these sources is very low (< 1%) as the metal complexes in
solution are saturated with COz, Figure 6b. In summary, thiosemicarbazonato-hydrazinatopyridine

metal complexes provide a novel route for reversible CO: capture from dilute sources with high

COz capture efficiency up to 90% from air.
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Figure 6. A) Percentage CO> captured by a 0.3 mM solution of ML"(MeOH) complexes at CO2
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solution of ML"(MeOH) from 400 ppm to 1 atm of CO».
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Thiosemicarbazonato-hydrazinatopyridine metal complexes reversibly capture CO> as metal
bound methylcarbonate. Substitution of Cu(Il) with Zn(Il) improves CO> capture affinity by
modulating ligand basicity while variation of the thiosemicarbazone ligand enhances CO; affinity
by tuning the metal ion Lewis acidity. Overall, the Zn(II) complexes effectively capture CO2 from
dilute sources with up to 90%, 86%, and 65% CO- capture efficiency from 400 ppm, 1000 ppm,

and 2500 ppm CO; streams.



