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ABSTRACT: The capture and storage of carbon dioxide are
pressing environmental concerns. Nucleophilic capture by anions in
ionic liquids, such as imidazolates, is a promising strategy. Herein,
the gas-phase acidity of a series of imidazoles is examined both
experimentally and computationally. The intrinsic acidity of these
imidazoles has not heretofore been measured; these experimental
data provide a benchmark for the computational values. The
relationship between imidazole acidity and carbon dioxide capture is
explored computationally, both in the gas phase and in ionic liquid.
The improved understanding of imidazolate properties provided
herein is important for the design and development of improved
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systems for carbon dioxide capture.

Bl INTRODUCTION

Fossil fuels have, for many years, been the primary source of
energy worldwide. The burning of fossil fuels releases carbon
dioxide, which has become an urgent environmental concern,
primarily due to carbon dioxide’s prominence as a greenhouse
gas and related implications for climate change. The develop-
ment of strategies to capture and store carbon dioxide is
therefore a pressing research area.

In recent years, ionic liquids (ILs) have come to the
forefront as an effective means of trapping carbon dioxide.' ™
ILs have various advantages, including low vapor pressure, high
thermal stability, lack of flammability, property tunability, and
a high solvent capacity. Early IL studies focused on the
physical absorption of carbon dioxide; this method, however,
was found to be limited by insufficient carbon dioxide
absorption capacity, as the partial pressure and solubility of
carbon dioxide is low post-combustion."’

To overcome this limitation, researchers turned to the
development of “active site-containing” ILs. Such ILs contain a
functionality that will chemically react with carbon dioxide,
thus effecting chemical (as opposed to physical) CO,
absorption. Davis and co-workers developed the first of this
kind in which a primary amine was covalently tethered to the
imidazolium cation of the ionic liquid.”

One drawback of such amino-functionalized ILs is a large
increase in viscosity after carbon dioxide absorption, which has
been attributed to a strong hydrogen-bonded network."'~"*
This increase in viscosity renders such ILs less practical. This
issue led to the search for “amino-free functionalized ILs” to
improve carbon dioxide chemical absorption. Prominent
within this type of IL are azolate ILs, which are also called
aprotic heterocyclic anion (AHA) ILs."”'>">~'® Dai and Wang

v ACS Publications  © xxxx American Chemical Society

AG’4cig (ionic liquid), kcal/mol

introduced this concept with a series of ILs that paired
superbases such as 1,3,4,6,7,8-hexahydro-1-methyl-2H-
pyrimido[1,2-a]pyrimidine (MTBD) and trihexyl(tetradecyl)-
phosphonium hydroxide ([P66614][OH]) with weak nitrogen
acids such as imidazole, pyrazole, triazoles, tetrazoles, and
indoles."”" In these AHA ILs, the anionic moiety (such as an
imidazolate) nucleophilically attacks the carbon dioxide.
Studies to date indicate that the basicity of the anion is
important for carbon dioxide capture, capacity, and solubilit?f,
while the effect of the countercation identity is weaker,"'>">"?
Therefore, tuning the basicity is a key component for achieving
effective CO, capture.””" ™"

Herein, we use computational and experimental methods to
examine the acidity of 56 imidazoles toward better under-
standing their properties. We also calculate the energetics
associated with imidazolate and carbon dioxide complexation.
The experimental measurements provide valuable data to
benchmark computations and lend insight into the inherent
reactivity of these species. Gas-phase measurements are
complemented by gas-phase and solution-phase calculations.
We aim to achieve predictive power for such properties, which
would allow for more facile tunability of potential ILs for
carbon dioxide capture.

Bl RESULTS AND DISCUSSION

Acidity. Gas-Phase Acidity: Calculations. Fifty-six imida-
zoles were examined computationally. Figure 1 depicts the
imidazoles examined. Note that for the imidazoles, 4- and 5-
substituted structures are tautomers. For benzimidazoles, the
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Figure 1. Substrates studied herein. For imidazoles with possible tautomers, the 4-substituted structure is shown. For benzimidazoles, the S-
substituted structure is shown. The structures are ordered by increasing calculated gas-phase acidity value.

S- and 6-substituted structures are tautomers. In Figure 1, the
4-substituted imidazoles and the S-substituted benzimidazoles
are shown.

In Table 1, the calculated gas-phase acidities of the 56
imidazoles, using B3LYP/6-311++G(d,p), are tabulated.>
(The last column lists AG®,_, values, which will be discussed
later). Both AH°,; and AG°,, values are shown; the
substrates in Figure 1 are ordered in decreasing acidity. The
AH®,q is the enthalpy associated with the deprotonation of
the imidazole HA, and the AG®, is the free energy associated
with the deprotonation of the imidazole HA (Scheme 1).

For those imidazoles for which there is more than one
tautomer, no “prime” mark next to the structure indicates that
the most stable tautomer AH is the 4-substituted imidazole or
S-substituted benzimidazole (the structures shown in Figure
1). A “prime” (') next to the structure number indicates that
the most stable tautomer AH is the S-substituted imidazole or
the 6-substituted benzimidazole.>

Overall, the acidity trends are as one might expect;
substrates with electron-withdrawing groups (for example,
—NO,, —CN, and —X where X is a halide) are more acidic. For
example, the series 4, 6, 13, 19, and 54 are all 4/5-substituted
imidazoles, with, respectively, substituents —SO,Cl, —NO,,
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Table 1. Gas-Phase Calculations (B3LYP/6-311++G(d,p)) on 56 Substrates

acidity, AH®, 4 acidity, AG® AG°,,, CO, addition,

substrate (kcal/mol) (kcal/mol) < (kcal/mol)“

1 306.7 299.4 3.5
2 3114 304.0 3.3
3 3159 308.6 3.0
4 317.2 309.5 6.7
S 317.6 309.9 10.2
6’ 324.5 316.9 3.1

324.7 317.3 3.6
8 325.0 317.5 8.1
9 325.4 318.2 4.5
10 326.2 318.5 24
11’ 326.8 319.6 2.4
12 328.7 321.3 6.2
13 328.8 321.3 0.8
14" 330.8 3233 4.0
15 3315 3249 1.6
16 3323 3244 1.1
17 333.1 326.2 22
18 333.2 325.7 7.2
19 333.6 325.9 -1.1
20 3339 327.0 6.4
21’ 334.0 326.5 0.2
22 334.6 3272 S.1
23 334.7 327.7 -1.1
24 335.5 327.7 0.2
25 336.3 330.8 4.6
26 336.5 329.3 -1.7
27’ 336.7 329.2 -1.1
28 337.1 329.8 -19
29 337.4 330.3 —4.3
30’ 337.5 329.4 -1.1
31 337.7 330.1 4.7
32 338.0 331.0 S.1

acidity, AH®, 4 acidity, AG® AG°,, CO, addition,

substrate (kcal/mol) (kcal/mol) < (kcal/mol)*
33 338.4 330.8 3.7
34 338.7 331.2 0.3
35 338.8 3319 -2.8
36 339.2 331.7 -0.4
37 339.7 331.8 —-14
38’ 339.8 3322 -1.2
39’ 340.0 332.5 -12
40 340.2 3324 -1.2
41 340.8 333.9 S.1
42 341.0 333.5 2.4
43’ 341.6 334.0 =23
44' 341.7 334.1 —-0.4
4S5 341.8 334.4 =51
46 3422 335.0 —-1.8
47 348.2 340.0 -5.6
48 348.9 341.2 =73
49 349.1 342.4 —4.8
50 349.6 341.7 —4.5
S1 349.7 342.0 —-4.9
52 349.9 342.0 —4.7
53 350.0 342.3 —-6.5
54 350.9 343.3 —-8.4
5SS 351.1 343.9 =5.7
56 351.1 343.3 —6.5

“All the CO, addition reactions, where a 4-substituted or 5-
substituted product is possible, yield the 4-substituted product as
more stable, except for 11’ and 44’. “Structure 14 has two possible
conformations: extended and hydrogen-bonded. The extended acidity
is listed here; the acidity value for the hydrogen-bonded structure is
slightly less, 318.2 kcal/mol. Details are in the Supporting
Information.

Scheme 1. Gas Phase Acidity of Imidazoles
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AH'rxn = AH agid; AG'rxn = AG acid

—CN, —CF;, and —CHj;. Their acidity decreases with the
trend: 4 > 6’ > 13 > 19 > 54, where 4 is the most acidic. This
is consistent with the substitution patterns. Likewise, for the 2-
substituted imidazoles, the acidity trend is as follows: § > 10 >
12 > 18 > 56, where substituents are, respectively, —SO,Cl,
—NO,, —CN, —CF;, and —CHj,.

Gas-Phase Acidity: Experiments. While calculations are
valuable, the accuracy of any chosen method and level is always
in question. We did calculate the acidity of the parent,
unsubstituted imidazole as well; its computed AG®,q of 342.1
kcal/mol compares favorably to the experimental value of
342.6 kcal/mol.** To further benchmark some of our

calculated values, we measured imidazole gas-phase acidity.
We utilized acidity bracketing in a Fourier transform mass
spectrometer. We selected imidazoles by computations
represented a range in acidity. Proton transfer reactions
between reference acids whose acidities are known and the
conjugate base of the imidazoles, as well as the reverse
reaction, were tracked. The presence or absence of proton
transfer was assessed.

The results are shown in Tables 2 and 3. Column “a’
represents the reaction between the conjugate base of the
imidazole and the neutral reference acid. Column “b”
represents the reaction between the deprotonated reference
acid and the neutral imidazole. For imidazole 9, the conjugate
base of 9 cannot deprotonate 1,1,1-trifluoro-2,4-pentadione
(A°,qq = 322.0 kcal/mol), but 1,1,1-trifluoro-2,4-pentadione
enolate can deprotonate 9. The conjugate base of 9
deprotonates trifluoroacetic acid (AG®,q = 317.4 kcal/mol),
but the reverse reaction does not take place. We therefore
bracket imidazole 9 to have a AG°, of 320 + 4 kcal/mol.
Imidazole 11 reacts the same as 9; thus 11 has a AG® 4 also of
320 =+ 4 kcal/mol. The conjugate base of 13 cannot extract a
proton from difluoroacetic acid (AG°,;4 = 323.8 kcal/mol);
however, difluoroacetate is basic enough to abstract a proton
from 13. The conjugate base of 13 is basic enough to proton
transfer from 3,5-bis(trifluoromethyl)phenol (AG®,q = 322.9
kcal/mol), but the reverse reaction does not occur, placing the
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Table 2. Summary of Results for Gas-Phase Acidity Bracketing of Imidazoles 9, 11, 13, 19, 34, and 38

proton transfer’”*

11 13 19 34 38

reference acid

acidity” (AG°,.q keal/mol)

»

formic acid 3392 + 1.5
acetylacetone 336.7 £ 2.0
methyl cyanoacetate 334.5 £ 20
trifluoro-m-cresol 3324 + 2.0
pyruvic acid 326.5 +£ 2.8
difluoroacetic acid 323.8 + 2.0 -
3,5-bis(trifluoromethyl) phenol 3229 £ 2.0 -
1,1,1-trifluoro-2,4-pentadione 322.0 + 2.0 -
trifluoroacetic acid 3174 + 2.0
3,5-bis(trifluoromethyl)pyrazole 317.3 £ 2.0

“Reference 35. “The “+” symbol indicates the occurrence of proton transfer, and the “—

+ o+ o+

|
+ + + o

|
+ + +

|

|

« _» cu_»

symbol indicates the absence of proton transfer. “a

represents the reaction between the deprotonated imidazole and the neutral reference acid; “b” represents the reaction between the deprotonated

reference acid and the neutral imidazole.

Table 3. Summary of Results for Gas-Phase Acidity Bracketing of Imidazoles 40, 41, 46, 49, and 56

proton transfer’”"

40 41 46 49 56

reference acid acidity” (AG®,gq, keal/mol) a b a b a b a b a b
2-propanethiol 347.1 £ 2.0 - + - +
1-pentanethiol 3462 +£ 2.5 - + - +
p-cresol 3434 + 2.0 - + + -
acetic acid 341.1 + 2.0 + - + -
butyric acid 339.5 £ 2.0 - + - + + — + -
formic acid 3392 + 1.5 - + - + - + + -
acetylacetone 336.7 £ 2.0 - + - + - +
methyl cyanoacetate 3345 £ 20 - +
trifluoro-m-cresol 3324 + 2.0 + - - -
pyruvic acid 326.5 + 2.8 + -

“Reference 35. "The “+” symbol indicates the occurrence of proton transfer, and the

« cu_»

—” symbol indicates the absence of proton transfer. ““a

represents the reaction between the deprotonated imidazole and the neutral reference acid; “b” represents the reaction between the deprotonated

reference acid and the neutral imidazole.

AG®, 4 of 13 at 323 + 3 kcal/mol. Pyruvate (AG®,;4 = 326.5
kcal/mol) can deprotonate 19, while the reverse reaction does
not occur. The conjugate base of 19 can deprotonate
difluoroacetic acid (AG®,q = 323.8 kcal/mol), but difluor-
oacetate is not basic enough to deprotonate 19. We place the
AG®,4q of 19 to be 326 + 4 kcal/mol. For 34, 38, and 40, the
deprotonated imidazoles do not react with methyl cyanoace-
tate (AG°,qq = 334.5 kcal/mol), but deprotonated methyl
cyanoacetate can deprotonate 34, 38, and 40. The conjugate
base of all three imidazoles can abstract a proton from
trifluoro-m-cresol (AG®,;q = 332.4 kcal/mol), but the cresolate
does not deprotonate the imidazoles, placing the acidity for 34,
38, and 40 at 333 + 3 kcal/mol. The reaction of deprotonated
41 and acetylacetone (AG°,;q = 336.7 kcal/mol) does not
result in proton transfer; however, the reverse reaction
between 41 and acetylacetone enolate does result in proton
transfer. The conjugate base of 41 does deprotonate methyl
cyanoacetate (AG°,;q = 334.5 kcal/mol), but the reverse
reaction does not occur, placing the AG®, ;4 of 41 at 336 + 3
kcal/mol. Imidazole 46 reacts the same as 41, so its acidity is
also 336 + 3 kcal/mol. For imidazole 49, the reaction between
the conjugate base and p-cresol (AG®,;q = 343.4 kcal/mol)
does not occur, but the reverse reaction does. Acetate (AG°,.4
= 341.1. kcal/mol) cannot deprotonate 49, but the conjugate

base of 49 can deprotonate acetic acid. We therefore bracket
49 to 342 + 3 kcal/mol. The conjugate base of 56 cannot
transfer a proton from 1-pentanethiol ((AG®,qq = 346.2 kcal/
mol), but 1l-pentanethiolate can deprotonate 56. The
conjugate base of 56 can deprotonate p-cresol ((AG°,4 =
343.4 kcal/mol); the reverse reaction does not occur. The
AG°,q of imidazole 56 is therefore 345 + 4 kcal/mol.

Computational versus Experimental Results. A summary
of the computational and experimental results is shown in
Table 4 and Figure 2. For the computational data, if an
imidazole has more than one possible tautomer, the acidity of
the most stable tautomer is listed first. As noted earlier, a
“prime” mark next to the structure number indicates the S-
substituted imidazole structure.

There is general agreement between the calculated acidity of
the more stable tautomer, and the experimentally determined
values, thus benchmarking the calculations (Figure 2). The
basicity of the anionic component of the AHA ILs for carbon
dioxide capture is important and often assessed by calculation,
but gas-phase data to which those computed values can be
directly compared is generally scarce.’ Our experiments
therefore help fill this knowledge gap.

Tautomers. One interesting possibility arising from these
studies is the ability to ascertain whether a less stable tautomer

DOI:10.1021/acs.joc.9b02193
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Table 4. Calculated (B3LYP/6-311++G(d,p); 298 K) and
Experimental Gas-Phase Acidity Values for Imidazoles®

calculated AG®, gmore stable/less stable experimental
substrate tautomer AG®, 44
9 318.2 320 + 4
11 319.6 (11')/318.5 (11) 320 + 4
13 321.3 (13)/321.1 (13") 323 +2
19 325.9 (19)/324.7 (19') 326 + 4
34 331.2 (34)/330.1 (34') 333+ 3
38 3322 (38')/329.2 (38) 333+ 3
40 332.4 (40)/330.7 (40') 333+ 3
41 333.9 336 +3
46 335.0 (46)/333.5 (46') 336 + 3
49 342.4 342 + 3
56 343.3 345 + 4
“Values are in kcal/mol.

355

350
5 345 {
§ 340
Y 335 {{{{
o 330 {
= 325
g 320 .
g 315
>
310

315 320 325 330 335 340 345

Calculated AG"4iq4, kcal/mol

Figure 2. Plot of experimental AG°,4 versus calculated AG®,4
(acidity of more stable tautomer used). Equation for the line: y =
0.986x + 5.687; R* = 0.991.

is present under our conditions. If two tautomers are different
enough in energy, their acidities will be different, and
measurement of acidity could potentially be used to assess
the structure. For example, the S-substituted tautomer 38’ is
more stable than the 4-substituted tautomer 38, by 3 kcal/mol.
This difference is reflected in the calculated acidity difference
(332.2 kcal/mol for 38’ and 329.2 kcal/mol for 38).

Our acidity bracketing experiment involves running two
reactions: the conjugate base of the reference acid with the
imidazole and the imidazolate with the reference acid. These
are run separately, not at equilibrium (see Experimental
Section for details). The predicted behavior if one or both
tautomers is present is shown in Figure 3. Direction “a”
corresponds to the reaction of the conjugate base of 38 and a
reference acid HA. The conjugate base of 38 is the same as the
conjugate base of 38’. Since the most basic site of this anion
has a calculated AG® 4. of 332.2 kcal/mol, the reaction
would be expected to occur with any HA that has a AG®, 4 of
about 332 kcal/mol or lower. In the opposite direction, “b”,
two scenarios are possible. If only the most stable tautomer 38’
is present, then the conjugate base of the reference acid HA
(A7) would need to be basic enough to deprotonate the N—H
(AG®,4g,calc = 332.2 keal/mol). However, if both tautomers 38’
and 38 are present, a different proton transfer pattern will be
seen. Since 38 has a AG®gcc of 329.2 kcal/mol, proton
transfer would be expected to occur as long as the conjugate

base of the reference acid has a AG®,q4 of at least ~329 kcal/
mol.

The resultant hypothetical bracketing table is shown in
Table 5. The first and second columns (a and b) indicate the
expected results if both the more stable 38’ and less stable 38
structures were present. If neutral 38 (calculated acidity =
329.2 kcal/mol) were present, then trifluoro-m-cresolate
(Aoacid,expt = 332.4 kcal/mol) and trifluoro-p-cresolate
(AGOadd‘expt = 330.1 kcal/mol) would be expected to
deprotonate it (“+” in column b). The third and fourth
columns (a and b) show our actual observations. The “—” in
column b for trifluoro-m-cresolate (AG"acid,ex},t = 332.4 kcal/
mol) and trifluoro-p-cresolate (AG® g eyt = 330.1 keal/mol)
makes it unlikely that the more acidic, less stable tautomer 38
(AG®, igcalc = 3292 keal/mol) is present. Our results indicate
that only 38’ is present. Thus, under our gas-phase conditions,
the major structure is the S-substituted tautomer 38’, which is
consistent with our computational prediction.

Acidity and Carbon Dioxide Absorption. Prior studies
have indicated that for ionic liquids with heterocyclic anions
that capture carbon dioxide, the basicity of the anionic
nucleophile (which is also the acidity of the nucleophile’s
z:;;tigte;:f,lsa}ﬁslgg—slg important for tuning CO, absorption

To assess carbon dioxide capture, we computed the free
energy of the reaction shown in eq 1, for our 56 imidazoles.

S
€O,

(1)

Prior studies have shown that the carbamate-type structure in
eq 1 is the product of CO, capture.'>'”**” We plotted the
AG°,, for eq 1 versus computed imidazole acidity. The gas-
phase data are in Table 1, and the resultant plot is shown in
Figure 4.2

There is a rough linear correlation between the AG® of
formation of the imidazolate—carbon dioxide complex and the
acidity of the imidazole.”® The less acidic the imidazole (i.e.,
the more basic the imidazolate), the more exergonic the
complexation reaction shown in eq 1. This result shows
promise for the design/choice of imidazolates for CO, capture;
our studies have benchmarked the calculations and show that
the more basic anions yield more stable CO, adducts.

We also calculated the acidity of the 56 imidazoles in an
ionic liquid medium. Prior work has indicated that calculations
in the solvent may be more relevant than gas-phase
computations for ionic liquid-based carbon dioxide capture
systems.”””” Ji, Cheng and co-workers, in a recent study
relating IL anion basicity to CO, absorption capacity, assessed
anion basicity in the ionic liquid [DBUH*][OTf"]; we likewise
used [DBUH*][OTf ] as a model.”> The resultant plot is
shown in Figure 5 (detailed calculational data in the
Supporting Information). This plot shows a better linear
correlation than in the gas phase, and again, the more basic
imidazolates correspond to more favorable carbon dioxide
complexation.

As noted earlier when we discussed imidazole acidity, the
less basic imidazolates are generally substituted with more
electron-withdrawing groups. Another observation is that
substitution on the 2-position renders the addition of CO,
less exergonic than substitution on the 4-position (CO,
adducts shown in Figure 6). Table 6 lists imidazole pairs

DOI:10.1021/acs.joc.9b02193
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Direction “a”

(0]

conjugate base of 38:
no tautomeric structures

This anion should deprotonate any HA
with AG*45ig < 332 kcal/mol

Direction “b”: two scenarios

o}
H
-
Scenario 1: N (o) . ©
, |
only 38 <\
present N
38’
More stable tautomer:
AG’5¢id, calc = 332.2 kcal/mol
0 o)
Scenario 2: H
both 38 N 0/ d N O/
and 38’ </ | an <\ |
present H N
38 38

Less stable tautomer More stable tautomer:
AG’ aid, cale = 329.2 keal/mol  AG® 4gig, calc = 332.2 kcal/mol

Figure 3. Possible bracketing pathways for 38/38’.
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H
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Less stable tautomer More stable tautomer
AGacid, calc = 329.2 keal/mol  AG"4gig. caic = 332.2 keal/mol
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N o~
— > HA + 4@])‘\
N

If only 38’ is present, reaction should
occur when reference acid HA has a

AG”5gig = 332 kcal/mol

If 38 and 38’ are present, reaction should
occur when reference acids HA has a
AG 3¢ = 329 keal/mol

Table S. Expected Bracketing Results if 38 and 38’ Are both
Present (Figure 3)

b

proton transfer

expected

results if

38’ and
38 are actual
present results

reference acid acidity” (AG®,g keal/mol) a b a

formic acid 3392+ 1.5 -+ -+
acetylacetone 336.7 £ 2.0 -+ -+
methyl cyanoacetate 3345 £ 20 -+ -+
trifluoro-m-cresol 3324 £ 2.0 + + + -
trifluoro-p-cresol 330.1 + 2.0 + + + -
pyruvic acid 326.5 +£ 2.8 + -+ -

“Reference 35. “The “+” symbol indicates the occurrence of proton
transfer, and the “—” symbol indicates the absence of proton transfer.
““a” represents the reaction between the deprotonated imidazole and
the neutral reference acid; “b” represents the reaction between the

deprotonated reference acid and the neutral imidazole.

that have the same substituent but on the 2-position versus the
4-position. The calculated AG®,, for the addition of carbon
dioxide in ijonic liquid is also listed for each pair. The
imidazolates that produce 4-substituted CO, adducts all have a
more exergonic reaction than the 2-substituted analogues. The
4-substituted imidazolates are in general more basic than the 2-
substituted imidazolates, but the differences in basicity are not
as great as the differences in CO, adduct exergonicity; for
example, deprotonated 4 is 4.8 kcal/mol, more basic than
deprotonated S, but the difference in the AG®° of CO,
complexation is 10.6 kcal/mol (Table 6). The greater
exergonicity for the 4-substituted substrates is consistent
with experimental observations; 2-substituted imidazole-based
ILs have generally lower CO, capacities than 4-substituted

15
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Figure 4. Relationship between calculated gas-phase AG®,, for eq 1
and the calculated gas-phase AG®,4,c of imidazoles. Equation for
the line: y = —0.328x + 108.07; R* = 0.545.

ILs.>" One preliminary theory concerning this difference in
reactivity was proposed by Zhu and co-workers, who noted
that a substituent on the 2-position could present steric
hindrance to the addition of carbon dioxide to the adjacent
nitrogen anion.”’ Steric effects are typically kinetic, but our
calculations indicate that there is a thermochemical preference
for the formation of CO, adducts with the substituent at the 4-
position. The issue is most probably also steric; an adduct with
carbon dioxide would certainly be expected to be more
sterically crowded and less stable with substitution on the 2-
position versus the 4-position (Figure 6).

Overall, our results are consistent with prior work also
showing correlations between basicity of the nucleophile and
CO, complexation in ionic liquids.”'*'>''®~* Furthermore,
Firaha et al. observed that if the computed OCO angle (in a
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Figure 6. Structures for the 2-substituted CO, adduct and the 4-
substituted CO, adduct. Calculated structures for 56 and 54 are
shown as representative examples.

solvent dielectric of 15) is less than 140° then chemical
absorption (nucleophilic reaction between the anion and
carbon dioxide) is likely to occur.”” Our results are consistent
with this study, in that the OCO angle in ionic liquids is
calculated to be less than 140° for all our substrates (detailed
data in the Supporting Information). These authors also
predict that promising anions for IL capture have calculated
AG®,, values (in a medium of dielectric 15) ranging from
roughly —7 to +4 kcal/mol. As can be seen in Figure 5, should
this prediction be valid, many of the imidazolates described
herein are promising candidates for carbon dioxide capture.

Ultimately, our study is the first to examine a wide range of
imidazolates, with experimental gas-phase measurements that
indicate the accuracy of the calculations. Carbon dioxide
capture and storage is a matter of urgency, and our data herein
will help in the understanding of the relationship between
basicity of imidazolates and chemical absorption of imidazo-
late-containing ILs.

B CONCLUSIONS

In this work, 56 imidazoles are examined both computationally
and experimentally. These data are relevant for the improved
design and tuning of anion-based ionic liquids for carbon
dioxide capture. The measurements are the first for these
substrates and benchmark the calculations. A linear correlation
is found between imidazole acidity and the free energy of
reaction for anion-CO, association, which is improved when an
ionic liquid computational model is used. The results show the
tunability of imidazolates for carbon dioxide capture.

B EXPERIMENTALSECTION

All the experimentally measured imidazoles are commercially
available and were used without further purification.

Acidity bracketing measurements were conducted using a
Fourier transform ion cyclotron resonance mass spectrometer
(FTMS) with a dual cell setup, which has been described
previously.”*™* The magnetic field is 3.3 T; the baseline
pressure is 1 X 107 Torr. The imidazoles, which are solids,
were volatilized into the cell via a heatable solid probe, while
the reference acids were introduced via a system of heatable
batch inlets or leak valves. Water was pulsed into the cell and
ionized by an electron beam (typically 8 eV, 9 uA, 0.5 s) to
generate hydroxide ions. The reactions between the imidazoles
and reference acids were measured in both directions, in
separate experiments. In one direction, the imidazolate anions
were generated by the reaction of the imidazoles with the
hydroxide ions. The imidazolate anions were then selected and
transferred from one cubic cell to another via a 2 mm hole in
the middle trapping plate. Transferred ions were cooled with
pulsed argon gas that allowed the pressure to raise to 107
Torr. The reaction with the reference acid was then tracked. In
the opposite direction, the conjugate bases of the reference
acid were generated by the reaction with hydroxide. These
anions were then transferred to the second cell to react with
neutral imidazoles. Experiments were conducted at ambient
temperature. The typical protocol for obtainin§ %as—phase rate
constants has been described previously.’”***¥*%*7 The
experiments are run under pseudo-first-order conditions with
the neutral reactant in excess, relative to the reactant anions.
Reading the pressure of the neutral compounds from the ion
gauges is not always accurate; therefore, we “back out” the
neutral substrate pressure from fast control reactions
(described previously).**###54849

All calculations were performed using the density functional
theory (B3LYP/6-311++G(d,p)) as implemented in Gaussian
16.°°7>* All ground state geometries were fully optimized, and
frequencies were calculated for both gas-phase and solvation
calculations; no scaling factor was applied. The optimized
structures had no negative frequencies. For the solvation
calculations, the solvation model density (SMD) method was

Table 6. Calculated (B3LYP/6-31++G(d,p) AG°,,, for CO, Addition for 2-Substituted and 4-Substituted Imidazole Pairs in

Ionic Liquid

functional 2-substituted structure number/AG® for CO,
group addition in IL

—S0,Cl 5/+18.8 kcal/mol

—NO, 10/+15.9 kcal/mol

—CN 12/+7.1 kcal/mol

—CF, 18/+8.6 kcal/mol

—CH, 56/—2.8 kcal/mol

4-substituted structure number/AG° for CO,

Is 4-substituted more exergonic?/By how
many kcal/mol?

yes/10.6 kcal/mol
yes/9.1 kecal/mol
yes/3.4 kcal/mol
yes/6.6 kcal/mol
yes/2.4 kcal/mol

addition in IL

4/+8.2 kcal/mol
6/+6.8 kcal/mol
13/+3.7 kcal/mol
19/42.0 kcal/mol
54/—5.2 kcal/mol
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used with ionic liquid [DBUH][OTf] as the solvent. The
solvent descriptors for [DBUH][OTf] were derived based on
the “SMD-GIL” method developed by Contreras, Cramer,
Truhlar and co-workers (details in the Supporting Informa-

tion).>® The temperature for the calculations was set to be 298
K.
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