350 J. Chem. Eng. Data 2011, 56, 350-355

Estimated Adiabatic lonization Energies for Organic Compounds Using the
Gaussian-4 (G4) and W1BD Theoretical Methods

Sierra Rayne*'" and Kaya Forest*

Ecologica Research, Kelowna, British Columbia, Canada V1Y 1R9, and Department of Chemistry, Okanagan College,

Penticton, British Columbia, Canada V2A 8E1

Gas phase (298.15 K, 101.325 kPa) adiabatic ionization energies (AlEs) were calculated for 236 organic
compounds with the Gaussian-4 (G4) composite method and for 17 molecules at the W1BD level of theory.
Functional group types considered span a range of mono- and polyfunctionalized halogenated, saturated
and unsaturated, cyclic and acyclic, and heteroatom (N, O, S) substituted moieties without substantial
conformational complexity. Excellent agreement was found using both computational methods against
available experimental data. Approximately equivalent AIE prediction accuracy was observed between the
G4 and the W1BD methods. For compounds with well-constrained experimental AIES, both levels of theory

provide effective chemical accuracy.

Introduction

The ionization energy (IE) represents the minimum energy
to gject an electron from a neutral molecule in its ground state.
Two types of IEs are defined. The adiabatic ionization energy
(AIE) involves the formation of the resulting molecular ion in
its ground vibrational state following electron gection, a process
which allows for geometrical rearrangement in the overall
energy change (Figure 1). In contrast, the vertical ionization
energy (VIE) does not allow for geometrical rearrangements
upon molecular ion formation and strictly involves electron
giection with a stationary geometry.® AIEs are not only of
interest from a theoretical perspective in terms of defining
molecular properties such as electronegativity and chemical
potential, hardness/softness, and the electrophilicity index and
for broadly understanding structure—reactivity relationships,® ’
but they are also widely employed toward redox processes in
natural, engineered, and biological systems and in the design
of new materials.®

Because of interest in the redox properties of larger supramo-
lecular systems and biologically relevant macromolecules, the
majority of theoretical IE benchmarking efforts have been
performed using density functional and Hartree—Fock levels
of theory (seg, e.g., refs 12 to 17), both of whose computational
costs scale favorably with molecular size compared to higher
level composite methods. More restricted benchmarking studies
in terms of molecular size and number of compounds have been
conducted using the earlier Gaussian-1 (G1) through G3 versions
of the higher level Gaussian-n methods and W1/W2 theory.*® 2
To date, the G4 method has been benchmarked against 105
compounds from the G3/05 test set, where a mean absolute
deviation (MAD) and a root-mean-squared deviation (rmsd) of
(0.04 and 0.06) eV were obtained, respectively.? The W1BD
(along with the W1U, W1Usc, and W1(RO) flavors of W1
theory) method has been similarly benchmarked against 86
compounds from the G2/97 test set, yielding MAD and rmsd
of 0.02 ev.?
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Figure 1. Schematic potential energy diagram for a diatomic molecule
illustrating the difference between adiabatic and vertical ionization energies.
Adapted from http://ccchdb.nist.gov/adiabatic.asp.

There remains much interest in molecular systems amenable
to composite method cal culations, and with continuing increases
in computing power and the development of more efficient
algorithms, we expect increasingly larger molecules will be
within reach of these calculationsin the near future. The current
work extends AIE benchmarking efforts with the G4 and W1BD
methods to alarger suite of functionalized organic compounds
of varying molecular size and also provides high level AIE
estimates for a number of well-known strained organic com-
pounds whose properties are of fundamental and applied
importance.

M ethodology

Compound structures and experimental data were obtained
from the Nationa Institute of Standards and Technology (NIST)
Chemistry WebBook.?* Where applicable, two-dimensional
structures from this reference database were converted to three-
dimensional geometries using Avogadro v.1.0.1. All compounds
were subjected to a systematic rotor search which identified the
lowest energy MMFF942°~2° conformation followed by a 500
step geometry optimization using the steepest descent algorithm
and a convergence criterion of 1077 within the Avogadro
software environment. The resulting geometries were used as
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Table 1. Experimental and G4/W1BD Calculated Gas Phase (298.15 K, 101.325 kPa) AlEs for Various Small Organic Compounds®
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MW AlE/eV
CASRN formula g-mol* name expt. G4 W1BD
74-86-2 CoH, 26.0373 acetylene 11.400 + 0.002 1141 11.40
74-90-8 CHN 27.0253 hydrogen cyanide 13.60 + 0.01 13.61 13.62
630-08-0 CO 28.0101 carbon monoxide 14.014 £+ 0.0003 14.05 14.04
50-00-0 CH,O 30.0260 formaldehyde 10.88 + 0.01 10.89 10.91
74-89-5 CHsN 31.0571 methylamine 89+01 9.05 9.06
115-07-1 CsHs 42.0797 propene 9.73+0.01 9.77 9.76
124-38-9 CO, 44.0095 carbon dioxide 13.777 + 0.001 13.78 13.84
75-21-8 C,H4,O 44.0526 ethylene oxide 10.56 £+ 0.01 10.58 10.60
75-07-0 C,H,0 44.0526 acetaldehyde 10.2290 + 0.0007 10.23 10.26
64-18-6 CH;0; 46.0254 formic acid 11.33+£0.01 11.30 11.35
75-02-5 CoHsF 46.0436 fluoroethene 10.36 + 0.01 10.35 10.37
74-93-1 CH,S 48.107 methanethiol 9.439 + 0.005 9.45 9.45
74-87-3 CHCl 50.488 chloromethane 11.26 + 0.03 11.26 11.30
75-10-5 CH,F, 52.0234 difluoromethane 12.71 12.76 12.77
506-77-4 CCIN 61.470 cyanogen chloride 12.36 + 0.02 12.33 1241
75-01-4 C,HsCl 62.498 chloroethene 9.99 + 0.02 9.98 10.02
353-50-4 CF,0 66.0069 carbonic difluoride 13.04 + 0.03 12.96 13.04

a Experimental values are the evaluated AlEs taken from the compendium of Lias®® in the NIST Database.

inputs for Gaussian-4 (G4)%2 and W1BD?**° composite method
calculations with Gaussian 09.3*

All molecular enthalpies and free energies include zero-point,
thermal, and composite method specific corrections. No com-
pounds have imaginary frequencies at the final optimized
geometry. Only the lowest energy conformation of each
compound was considered. Gabedit v.2.2.12 was used for
geometry visualization.®* Optimized geometries, energies at each
step of the calculation process, and frequency coordinates for
the cationic forms of al compounds are provided in the
Supporting Information. The neutral forms of al compounds
were caculated at the G4 and W1BD levels of theory as part
of our previous work.®® The cationic forms of all compounds
from ref 33 were examined as part of the current investigation.
Cationic structures which failed to converge or yielded imagi-
nary frequencies were not considered further, giving the reduced
set of compounds presented herein. Structures and Gaussian 09
archive entries for the neutral forms can be obtained from this
prior reference. Molecular enthalpies and free energies for al
neutral and cationic forms at both levels of theory are givenin
the Supporting Information.

Results and Discussion

Gas phase (298.15 K, 101.325 kPa) AIEs were initialy
calculated at the G4 and W1BD levels of theory for 17 organic
compounds having well-constrained NIST evaluated experi-
mental AIEs (Table 1). A wide range of functional groups were
examined, including saturated and unsaturated, cyclic and acylic,
halogenated, thiol, amine, alcohol, aldehyde, carboxylic acid,
ether, and cyano moieties. Excellent agreement between the
theoretical and the experimental AlEs was observed. The mean
signed deviation (MSD), mean absolute deviation (MAD), and
root-mean-squared deviation (rmsd) of (0.01, 0.03, and 0.05)
eV, respectively, were obtained for the G4 method against the
experimental data. Corresponding MSD, MAD, and rmsd values
of (0.04, 0.04, and 0.05) eV, respectively, were obtained for
the W1BD method against the experimental data. The maximum
absolute individual deviations were (0.15 and 0.16) eV for the
G4 and W1BD methods, respectively. MAD and rmsd of (0.03
and 0.04) eV, respectively, were obtained between the G4 and
the W1BD methods.

The excellent agreement in AIE estimation capability between
the G4 and the W1BD levels of theory and against high quality
experimental data, coupled with the substantial computational

cost of the W1BD method for larger compounds, led us to use
only the G4 method to examine the AIEs for a broader suite of
134 organic compounds having experimental AIE data of
varying quality (Table 2). Excellent agreement between the G4
and the experimental AIEs was obtained, particularly where
NIST evaluated experimental values were available. For the 56
compounds having NIST evaluated AlEs, the MSD, MAD, and
rmsd of (—0.02, 0.06, and 0.09) eV, respectively, were obtained
between the G4 and the experimental values, with a maximum
absolute individual deviation of 0.30 eV (isopentane).

In some cases, the G4 values may assist in obtaining an
evaluated AIE or in the reassessment of an evaluated AIE. For
example, the evaluated AIE for isopentane is 10.32 + 0.05 eV,
and experimental data for this compound range between (10.18%
and 10.50 4 0.05) eV.* Given the known wide variability in
measuring AlEs for saturated hydrocarbons, particularly where
rapid postionization carbocation isomerization can occur, the
true AIE for isopentane may be closer to the G4 estimate of
10.02 eV. Similarly, some compounds have evaluated AIEs with
large error bars (e.g, chlorotrifluoromethane, 12.6 + 0.4 eV;
difluorodichloromethane, 12.0 £ 0.2 eV); in these cases, the
G4 estimates are either within (chlorotrifluoromethane, 12.42
eV) or near (difluorodichloromethane, 11.73 €V) the error
boundaries and may help in better constraining the actual AIEs
for these molecules.

For a number of common organic compounds, the experi-
mental AIEs span a surprisingly large range, attesting to the
difficulty in reliable experimental determinations. Thus, high
level computational estimates may resolve residual experimental
uncertainty. Dimethyl sulfoxide has experimental AIE reports
of 9.9 + 0.1 eV,*® 9.20 + 0.05 eV,*" 9.08 & 0.09 eV,*® and
9.10 eV.*® The G4 estimate of 8.86 eV suggests that the
experimental value of 9.9 £ 0.1 islikely an outlier and that the
true value is either near ~9.1 eV or potentially lower. Pyrazine
has experimental AIE values of 9.29 + 0.03 eV,*° 9.29 + 0.01
ev,*9.36ev,*29.28 + 0.05eV,9.216 eV,* 9.29 eV,* 9.28
+ 0.01 eV,* and 9.0 eV.*” The G4 estimate of 9.28 eV isin
excellent agreement with the mgjority of experimenta reports
and suggests the proposed experimental values of (9.36 and 9.0)
eV are likely high and low outliers, respectively. An evaluated
AIE for this compound can likely be put forward as 9.28 +
0.01 eV. Asafina illustration, azetidine has experimental AIEs
of 9.1 £ 0.15eV,*89¢eV,* 83 eV, and 8.63 + 0.02 eV>*
that span 0.8 €V. The G4 prediction of 8.32 eV is at the lower
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Table 3. Continued
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G4 AIE

eV

8.24
9.01
8.27
8.58
8.52
8.08
8.29
8.40
8.79
8.55
8.52
8.60
8.30
8.56
7.68
7.66
8.57
7.88
8.75
8.18

compound
2a,2b,4a,4b-tetrahydrocyclopropa] cd] pentalene

bicyclo[3.3.0]octa-2,6-diene
2,3-bis(methylene)bicyclo[2.2.0]hexane

1-methyltricyclo[4.1.0.0>"] hept-3-ene

5-methylenebicyclo[2.2.1] hept-2-ene
1-methylnorbornadiene

7-methylenebicyclo[3.2.0] hept-1-ene
2-methyl-1,3-dithiacyclopentane

thieno[3,4-b]thiophene

dithio-p-benzoquinone
4-methyl-3H-1,2-dithiole-3-thione

antitricyclo[4.2.0.0%° octane
2-(1,1-dimethylethyl)thiirane
dihydro-2(3H)-thiophenthione
4-methyl-1,3-dithiolane

norbornan-7-one
7-thiabicyclo[4.1.0]heptane

5-(dimethylamino)tetrazole
4-methyl-1,2-dithiolane
3-methyl-1,2-dithiolane

MW
g-mol~*
104.1491
106.1650
106.1650
106.1650
106.1650
106.1650
106.1650
108.1809
110.1537
113.1212
114.209
116.224
118.220
120.236
120.236
120.236
120.236
140.226

140.226
148.270

formula
CgHg
CgHio
CBH 10
CgHio
CBH 10
CgHio
CBH 10
CgH12
C;H100
C3H7N5
CgH10S
CgH12S
C4HsS,
CiHsS,
C4HsS,
CiHsS,
C4HsS,
CeHsS,
CeHsS,
CiHsSs

CAS-RN
6909-37-1
75960-13-3
40117-13-3
61772-33-6
na
13027-75-3
10218-02-7
5422-45-7
286-28-2
37523-44-7
n‘a
50363-43-4
5616-51-3
250-65-7
84615-33-8
3354-41-4

41527-66-6
694-91-7

n‘a
n/a

G4 AIE
ev
8.67
8.37
9.24
7.94
8.83
9.71
9.54
9.28
8.03
9.64
8.69
9.27
8.00
8.53
8.66
8.51
8.81
8.57
8.35
8.41
8.63

compound
1,2-bis(methylene)cyclobutane

2-methyl-1H-imidazole
1,1-dimethyl-2-methylenecyclopropane

cyclobutane-1,3-dione

3(2H)-furanone
antitricyclo[3.2.0.0>%] hept-6-ene

bicyclo[4.1.0]hepta-1,3,5-triene
bicyclo[3.2.0]hepta-1,4,6-triene
tricyclo[4.1.0.0% | hept-3-ene

1,3-dimethylbicyclo[1.1.0]butane
tetracyclo[4.1.0.0.240>] heptane

3,3-dimethylcyclobutene
4-methylene-1,3-dioxolane
a-trimethylethylene oxide
2,3-dihydrothiophene
3-methylthietane

2,2-dimethylthiirane

2(3H)-furanone
1,1’-biaziridine
1,3-dioxol-2-one
2-methylthietane

MW
g-mol~*
82.1038
82.1436
82.1436
82.1436
84.0734
84.0734
84.0734
84.1197
86.0462
86.0892
86.1323
86.155
88.171
88.171
88.171
90.1225
90.1225
92.1384
92.1384
92.1384

80.1277

formula
CeHs
C4HeN2
CGH 10
CeHio
CGH 10
C4H402
C,H,0,
C4H402
C4HgN>
C3H,03
C4HeO»
C5H 100
C4HeS
C4HgS
C,4HgS
C4HgS
C/Hs
C/Hs
C/Hg
CiHg
C/Hg

15506-53-3
20825-71-2
4388-03-8
872-36-6
4362-24-7
5076-19-7
1120-59-8
22438-40-0
3772-13-2
17837-41-1
4646-69-9
35295-58-0
35618-58-7
50861-26-2
79356-83-5

16327-38-1
n/a

CASRN
14296-80-1
930-25-6

693-98-1

4372-94-5

limit of this range and in excellent agreement with the value of
8.3 eV by Bowers.*

A substantial number of well-known compounds still lack
fundamental physical property determinations. AIEs were
estimated at the G4 level for 85 organic compounds for which
no experimental values were present in the NIST database (Table
3). These compounds are generally conformationally constrained
molecules with a number of ringed/bridged derivatives being
of broad interest in organic chemistry on the grounds of charged
aromaticity/homoaromaticity. On the basis of our benchmarking
efforts provided in Tables 1 and 2, neither the G4 nor W1BD
method exhibit any systematic biasin AIE estimation, and both
methods have error metrics at or below chemical accuracy limits
when compared against high quality experimental data. Con-
sequently, we expect the AIEs presented in Table 3 to achieve
effective chemical accuracy.

Conclusions

The Gaussian-4 (G4) composite method was used to estimate
gas phase (298.15 K, 101.325 kPa) AlEs for 236 organic
compounds. The W1BD level of theory was aso employed to
estimate AIEs for a subset of 17 compounds. Excellent
agreement between the G4 and the W1BD AIE estimates was
obtained. For compounds having well-constrained experimental
AlEs, both levels of theory achieve effective chemical accuracy.

Supporting Information Available:

Optimized geometries, energies at each stage of the optimization
process, and frequency coordinates for the cationic forms and
molecular enthalpies and free energies for the neutral and cationic
forms, as well as available experimental AlEs for al compounds
investigated. This materia is available free of charge viathe Internet
at http://pubs.acs.org.
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