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The G3, CBS-QB3, and CBS-APNO methods have been used to caldtleiadAG values for deprotonation

of seventeen gas-phase reactions where the experimental values are reported to be accurate within one kcal/
mol. For these reactions, the mean absolute deviation of these three methods from experiment is 0.84 to 1.26
kcal/mol, and the root-mean-square deviation A and AH is 1.43 and 1.49 kcal/mol for the CBS-QB3
method, 1.06 and 1.14 kcal/mol for the CBS-APNO method, and 1.16 and 1.28 for the G3 method. The high
accuracy of these methods makes them reliable for calculating gas-phase deprotonation reactions, and allows
them to serve as a valuable check on the accuracy of experimental data reported in the National Institutes of
Standards and Technology database.

Introduction each stationary point at each level of theory are available as

. . . .. Supporting Information. All values reported in this paper are
A variety of chemical predictions, such as the accurate a priori ¢, 5 standard state of 1 atm.

calculation of gas-phase equilibrium and rate constants, depen The G3, CBS-OB3, and CBS-APNO methods are model

on the ability of modern guantum chemical methods to chemistries developed with the goal of obtaining highly accurate
accurately calculate changes in enthalpy and free energy for .
y 9 by 9y alues for thermochemical paramet&r$13-25In the Complete

gas-phase reactions. To achieve chemical accuracy, compute . i .
asis Set models, a series of calculations are made on a

values ofAG must be correct to within one kcal/mol. We have . . .
recently been able to use high level electronic structure methods_p"’m'c.ular geometry, and a c_omplete ba_S|s set mode! chemistry
to calculate accurateka values for carboxylic acids:? In this is defined to include corrections for basis set truncation errors.
previous work, we found that values for deprotonation of T_he CBS.'Q_B3 mode uses a coupled clust_er calc_:ulatlon with
carboxylic acids in the gas phase obtained with the* G&5 triple excitations for the hlghest Ieyel ca_lculatlon Whlle the CBS-
APNO model uses quadratic configuration interaction. Accuracy

CBS-QB3% and CBS-APN®8 methods were within the re- ' . , . ) )
ported experimental errofsHowever, the experimental depro- structure and energetics requires convergence in basis set size
! : and in the degree of correlation, yet both the expansion of the

tonation data for carboxylic acids was only accurate-fokcal/ . . ; . o
mol? To better evaluate the ability of the Gaussian model basis set and increasing the degree pf correlation adds 5|gn_|f|-
chemistrie$® and the Complete Basis Set model chemistrigs Ca”“Y to the cost of the caIcuIaUpn. Bepause the main
to accurately model gas-phase deprotonation, we have measurefonibution to structure and energy is obtained at the HF or
their performance against seventeen reactions in the NISTBSLYP level, the smaller (but critical) corrections to both
databastwhere the deprotonationG is reported as highly structure and energy can be determined with less accuracy than
accurate (which we define as an experimental error of less thanat Iowgr levels of theory. The CBS,'APNO model makes
1 keal/mol). In this paper, we test the performance of the G3, corrections to the structure, with the final structure computed

CBS-QB3, and CBS-APNO methods against this stringent data &t the QCISD/6-311G(d,p) level of theory, whereas the CBS-
set. QB3 model does not correct the initial B3LYP structure. Thus,

these methods use fairly large basis sets for the structure and
Methods first-order Hartree-Fock calculation, medium sized basis sets
for the second order correlation correction, and small sized basis
We used the G8,CBS-QB3% and CBS-APN®8 methods sets for higher order correlation corrections. The five step CBS-
implemented within Gaussian 98The absence of imaginary ~ QB3 series of calculations starts with a geometry optimization
frequencies verified that all structures were true minima at their at the B3LYP level, followed by a frequency calculation to
respective levels of theory. We used the translational energy of obtain thermal corrections, zero-point vibrational energy, and
1.5RT combined withPV = RT(H = E + PV) to get a value entropic information. The next three calculations are single-
of H(H*) equal to 5/2RT), or 1.48 kcal/mol. We used the point calculations (SPCs) at the CCSD(T), MP4SDQ, and MP2
Sackur-Tetrode equatio to evaluate the entropf,H*) = levels. The CBS extrapolation then obtains the final energies.
7.76 kcal/mol at 298 K and 1 atm pressure, which gives a value By contrast the CBS-APNO method is a much more expensive,
(G=H —T9 for G(H*) of —6.28 kcal/moR-12The geometries ~ Seven step procedure. It starts with a HF/6-311G(d,p) geometry

of all the stationary points and absolute energies in hartrees ofoptimization and frequency calculation, followed by a second
geometry optimization at the QCISD/6-311G(d,p) level. The

* To whom correspondence should be addressed. E-mail: gshields@ QCISD geometry is then used for a series of four SPCs at the
hamilton.edu. Fax: 315-859-4744. QCISD(T), MP2(Full), HF, and MP2 levels, each with different
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TABLE 1: Experimental Values for Deprotonation Reactions in the NIST Database. Numbers with the Smallest Error Bars (in
boldface type) Were Used to Determine the Difference between Calculated and Experimental Values. All Values in Kcal/Mol

reaction AGgas (exp 1) AGgas (exp 2) AHgas (exp 1) AHgas (exp 2) AHgas (exp 3)
NH; — NH; +H* 396.9+ 0.42 396.14+ 0.7 404.30+ 0.3 403.60+ 0.8
CHsNH,; — CHsNH+H* 395.7+ 0.7 403.20+ 0.8
CH3NHCH;z; — CH3NCH; +H™ 389.2+ 0.6 396.40+ 0.9
CH3CH,NH; — CHsCHNH™+H* 391.7+ 0.7 399.3+ 1.1°
CH;— CHz+H™* 408.6+ 0.9 416.70+£ 0.8
CHzOH — CH;O™+H* 375.1+ 0.6¢ 381.50+ 0.4¢
H,O — OH +H* 384.1+ 0.2 390.70+ 0.1°
CoHp, — CH +H* 369.8+ 0.6 376.8+ 0.6¢ 378.0+ 0.7 379.80+ 0.5 385.0+ 0.7
C,Hy— CoHz +H* 401+ 0.5 409.404 0.6
CH,O — CHO +H"* 385.6+ 0.8 393.50+ 0.7"
HClI— CI=+H* 328.1+ 0.2 328.14+ 0.1 333.40+ 0.1
CH3CHCH, — CH,CHCH,+H" 383.60+ 0.5¢ 390.20+ 0.7
CHNO— CNO +H* 333.6+ 0.5 340.04+ 0.4
HNO, — NO; +H* 333.7+£0.3" 340.20+ 0.2"
CeHe — CeHs +H* 392.9+ 0.4 401.70+ 0.3 401.80+ 0.5
HNOz; — NOs +H* 317.8+ 0.2 324.50+ 0.2 324.50+ 0.5
C4H4s0 — CsH;0 +a—H* " 382.9+ 0.2 391.10+ 0.4

2 Ref 26.° Ref 27.¢ Ref 29.9 Ref 31.¢Ref 34." Ref 35.9 Ref 37." Ref 39.' Ref 42.1 Ref 43.% Ref 44.' Ref 46.™ Ref 51." Ref 52.° Ref 60.
P Ref 55.9 Ref 61." a-indicates original position relative to oxygen atohiRef 56.

basis sets. The CBS extrapolation included in the last step thenmethod is not parametrized for chlorine). Of these 100, 62 fall
obtains the final energies. The Gaussian-n model chemistrieswithin one of the reported error bars (CBS-QB3: 20, CBS-
have a similar philosophy and implementation. The G3 method APNO: 22, G3: 20) of the seventeen reactions in our stringent
falls between the two CBS methods in terms of computational data set. Table 3 contains the differences between the calculated
cost. It starts with a HF/6-31G(d) geometry optimization and a and experimental values reported in the first two tables, for the
frequency calculation. The third step is an MP2(Full)/6-31G- seventeen most accurate reactions. For instance, the CBS-QB3
(d) geometry optimization. The MP2 geometry is then used for AGgir value of —0.50 kcal/mol for the reaction NgH— NH,~

a series of four SPCs, at the QCISD(T,E4T)/6-31G(d), MP4/ + H™ was obtained by subtracting the CBS-QB3 calculated
6-31+G(d), MP4/6-31G(2df,p), and MP2(Full)/GTlarge levels. value of 397.40 in Table 2 from the boldface experimental value
At the end of this seven step procedure the calculated valuesof 396.9 in Table 1.

are used to arrive at the final G3 energies. We have previously

provided a fuller description of the details of the Complete Basis Discussion

Set and Gaussian-n methddsand the details of the basis sets )
and formulas used to obtain the final energies can be found in  The agreement between experimental and calculated values

the original publication&:8 These methods have been used to for the seventeen deprotorllation. reactions is generally very good.
calculate accurate values for enthalpies of formation, atomization FOr the seventeen reactions in Table 3, the mean absolute
energies, ionization potentials, electron affinities, proton affini- deviation (MAD) ranges from 0.84 to 1.26 kcal/mol, and the

ties, isodesmic reactions, cation-atom reactions, molecule-atom@0t-mean-square (RMS) deviation ranges from 1.06 to 1.49

reactions, and to explore activation energy barriers and potentialkcal/mol. The CBS-APNO values have the best overall agree-
intermediates in chemical reactiols? In this paper, we ment with the experimental values that have the smallest error

compare the ability of these methods to predict and AH bars, followed by the G3 and CBS-QB3 methods. In the case

for deprotonation reactions in the gas phase, using the mostOf acetylene, there are three reported valued\fdgasthat have
accurate experimental data available. error bars less than 1 kcal/mol: 378t00.73°379.84+ 0.531

and 385.04 0.737 Clearly, the value from 1974, 385:8 0.7,
based on the flowing after-glow technig®feis not as reliable
as the two more modern values, based on flowing after-flow

Table 1 contains all of the values for gas-phase deprotonationand variable-temperature-pulsed-high-pressure mass spectrom-
for the seventeen reactions reported in the NIST database wheretry measurement$ The table available in Supporting Informa-
an experimental value had an error of less than one kcafmol. tion contains 34 additional experimental values obtained from
We have included all other reported values for these samethe NIST website, with reported errors greater than one kcal/
seventeen reactions, where the reported uncertainty in themol, for the 17 reactions in our stringent data set. We have
measurement exceeds one kcal/mol, in the table available agncluded this information as Supporting Information for experi-
Supporting Informatio®57 Table 2 contains the calculated mentalists who can evaluate the reliability of the different
values forAG for 27 reactions. These values include the 17 experimental methods used to study these deprotonation reac-
reactions obtained from the NIST database and reported in Tabletions.
1 along with additional reactions that were thought necessary The accuracy of these methods allows one to discriminate
to remove ambiguities in data interpretation or to test the between reactions where protons are removed from different
usefulness of the model chemistry methods for discriminating parts of the molecule. As Table 2 reveals, deprotonation of
between alternative deprotonation pathways. The CBS-QB3, CH;CHCH, by two competing reactions, GBHCH, —
CBS-APNO, and G3 calculated values in Table 2 are presentedCH,CHCH,™ + HT, and CHCHCH, — CH;CCH,™ + H™, can
in boldface type if they fall within the error bars of one of the be easily resolved. Table 2 contains alternative deprotonation
experimental values reported in the table in Supporting Informa- pathways for CHNH,, CHsNHCH;, CH3;CH,NH,, CH30OH,
tion. For the seventeen reactions with error bars less than oneCH;CHCH,, CHOCH;, and cyclic GH40. The G3, CBS-QB3,
kcal/mol, we have 100 calculated values (the CBS-APNO or CBS-APNO methods are accurate enough, and “black-box”

Results
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TABLE 2: Calculated Values (kcal/mol) for 27 Gas-phase Deprotonation Reactions Using the CBS-QB3, CBS-APNO, and G3
Methods. Vglues in Boldface Are within the Error Bars of the Experimental Values Reported in the Table in Supporting
Information

CBS-QB3 CBS-APNO G3

reaction AGgas AHgas AGgas AHgas AGgas AHgas

NHz — NHz +H* 397.40 404.95 396.37 403.91 397.52 405.07

CH3NH; — CHzNH-+H* 395.95 403.38 395.88 403.34 396.86 404.30
CH3NH; — CHoNH; +H* 411.44 419.03 411.62 419.20 412.07 419.64

CH3NHCHz; — CH3NCH; +H* 387.19 394.50 387.86 395.19 388.45 395.79
CH3NHCH;z; — CH,NHCH; +H* 407.49 415.19 407.93 415.56 408.52 416.13
CH3;CH;NH; — CH3CHNH+H* 390.79 398.24 391.19 398.65 391.59 399.03
CH3CH;NH; — CHsCHNH, +H™ 409.01 416.58 409.83 417.50 410.21 417.81
CH3;CH;NH; — CH,CH,NH, +H* 403.11 411.12 404.00 411.67 404.94 412.55
CH;— CHg +H* 410.86 419.13 410.45 418.73 410.99 419.26

CH3;OH— CH;O +H* 375.52 382.69 375.81 382.99 376.45 383.61
CH;OH — CH,OH +H" 410.35 417.92 410.43 417.98 410.78 418.32
H,O — OH +H* 385.42 392.03 383.70 390.31 384.75 391.37
CoHy — CoH +H* 370.33 378.33 370.28 378.30 370.70 378.70
CoHy— CoHg +H* 400.37 408.76 400.72 409.12 401.06 409.45
CHO — CHO +H* 388.84 397.18 387.72 395.73 387.66 395.63

HCl— CI=+H"* 326.78 332.15 N/A N/A 328.75 334.14
CH;CHCH, — CH,CHCH, +H" 383.10 391.38 383.14 391.02 383.86 392.02
CH3CHCH, — CH3;CCH, +H™* 398.30 405.85 398.90 406.50 399.41 406.98
CH3CHCH, — CH;CHCH +H* 401.27 408.93 401.55 409.22 402.06 409.70
CHNO— CNO +H"* 334.49 340.88 335.43 341.79 335.51 341.88
CHOCH; — CHOCH, +H* 360.25 367.31 360.33 367.33 360.52 367.47
CHOCH; — COCH;+H™* 385.0 393.78 385.87 393.96 386.53 394.57
HNO, — NO, +H* 331.67 339.11 332.11 339.58 331.93 339.39
CeHg — CsHs+H* 391.61 400.51 392.05 400.87 392.46 401.27
HNOz; — NOz +H* 316.21 323.57 317.94 324.31 317.81 324.17
CsH,0 — C4H;O + f—H*2 386.81 395.00 387.69 395.85 387.51 395.68
C4H,O — C4H30 + a—H*2 382.43 390.66 382.79 390.98 382.85 391.05

a - and-indicate original position relative to oxygen atom.

TABLE 3: Comparison of Calculated and Experimental Values for Gas Phase Deprotonation Reactions for the 17 Reactions in
the NIST Database with an Experimental Error Bar of Less than 1 Kcal/Mol? The Experimental Values Are in Boldface Type

in Table 1. Differences Reported in Kcal/Mol, with the Computed Values Subtracted from the Experimental Value with the
Smallest Error Bar

CBS-QB3 CBS-APNO G3
reaction AGyit AHgit AGgit AHit AGgift AHit
NHz — NHz +H* —0.50 —0.65 0.53 0.39 —0.62 -0.77
CH3NH; — CHNH+H* —0.25 —0.18 —0.18 —-0.14 —-1.16 —1.10
CH3NHCHz; — CH3NCH; +H* 2.01 1.90 1.34 1.21 0.75 0.61
CH3CHoNH,; — CH3CHNH - +H* 0.91 1.06 0.51 0.65 0.11 0.27
CH;— CHz +H* —2.26 —2.43 —1.85 —2.03 —-2.39 —2.56
CH3OH— CH;O +H* —0.42 —1.19 —-0.71 —1.49 —-1.35 —-2.11
H,O — OH +H"* —1.32 —1.33 0.40 0.39 —0.65 —0.67
CoHy — CoH +H* —0.53 1.47 —0.48 1.50 —0.90 1.10
CoHy— CoHz +H* 0.63 0.64 0.28 0.28 —0.06 —0.05
CH,O — CHO +H™* —3.24 —3.68 —2.12 —2.23 —2.06 —2.13
HCl— CIm+H"* 1.32 1.25 N/A N/A —0.65 —0.74
CH3;CHCH, — CH,CHCH, +H* 0.50 —1.18 0.46 —0.82 —0.26 —-1.82
CHNO— CNO +H" —0.89 —0.88 —1.83 —-1.79 —-1.91 —1.88
HNO; — NO; +H* 2.03 1.09 1.59 0.62 1.77 0.81
CeHg — CsHs +H™ 1.29 1.19 0.85 0.83 0.44 0.43
HNO; — NO;~+H™ 1.59 0.93 -0.14 0.19 —0.01 0.33
CsH,O — C4H;:O + a—H* 0.47 0.44 0.11 0.12 0.05 0.05
Mean Absolute Deviation 1.19 1.26 0.84 0.92 0.89 1.03
RMS deviation 1.43 1.49 1.06 1.14 1.16 1.28

enough, to be used by experimentalists to assist in discriminatingrevealed areas where a more careful examination of the
between alternative deprotonation reactions in their work. experimental methodology was warranted. The worst agreement
Earlier calculations on the deprotonation of H\&@jree with in our data set is for the reaction of @8l — CHO™ + H™,
ours, as Koppel et & have previously used the G2 method to where the computed values are two RMS deviations more
study the proton affinities of superacids, and they reported a positive than the experimental resLitdf the CH,O reaction
AH value of 323.8 kcal/mol and AG value of 317.4 kcal/ is excluded from the data set, then the MADSS, AH) are
mol. These numbers are within 0.4 kcal/mol of the G3 values. 1.06; 1.11 for the CBS-QB3 method, 0.75; 0.83 for the CBS-
Ma et al®® have recently used the G3 method to calculate heats APNO method, and 0.82; 0.96 for the G3 method. Similarly,
of formation, ionization energies, proton affinities, and acidities the RMS deviationsAG; AH) are 1.23; 1.23 for the CBS-QB3
of hydrochlorofluoromethanes. They found good agreement with method, 0.95; 1.03 for the CBS-APNO method, and 1.08; 1.21
most of the experimental data, and the regions of disagreementor the G3 method.
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Conclusion

The G3° CBS-QB3% and CBS-APN®8 methods have been
used to calculateAH and AG values for deprotonation of

Pokon et al.

(15) Curtiss, L. A.; Raghavachari, K.; Pople, J. 8hem. Phys. Lett.
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Chem. Phys1997 106, 1063-1079.

(17) Curtiss, L. A.; Redfern, P. C.; Raghavachari, K.; Pople, JJ.A.

seventeen gas-phase reactions where the experimental valuegpem phys1998 109, 42-55.

are reported to be accurate within one kcal/fhdhe mean

(18) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Kedziora, G. S.;

absolute deviation from experiment is 0.84 to 1.26 kcal/mol Pople, J. AJ. Phys. Chem. 2001 105 227-228.

for these three methods, and the RMS deviatia® AH) is (19) Denis, P. A.; Ventura, O. Nt. J. Quantum Chen200Q 80, 439~
1.43 and 1.49 kcal/mol for the CBS-QB3 method, 1.06 and 1.14
kcal/mol for the CBS-APNO method, and 1.16 and 1.28 for
the G3 method. The combination of high accuracy and relatively
low computational cost makes the CBS-QB3 method the best

(20) Jursic, B. STHEOCHEM(J. Mol. Struct.p00Q 499 91—98.
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reactions, and allows them to serve as a valuable check on the/731-7734.

accuracy of experimental data reported in the NIST database.
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