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ABSTRACT

The ground and low-lying excited states of Methanol (CH,OH) have been
studied. The geometric parameters, energies and frequencies of the
ground state and the triplet exited state were calculated by using the
MP2(full)/6-311++G(2d,2p) level of theory. Beginning with the triplet
state structure, the repulsive nature of the triplet state potential energy
surface is explained. The vertical excitation energies of the singlet ex-
cited states of CH,OH are calculated. It is found that the theoretical
results performed by the TD-DFT (b3p86/6-311++G**) method are in
best agreement with the experimental results. In addition, the vertical
ionization energy, the adiabatic ionization energy, the vertical electron
affinity and the adiabatic electron affinity are calculated. The theoreti-
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cal results could serve as a guidance for experimental investigations.
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INTRODUCTION

Methanol (CH,OH) is an important species in
both the atmospheres of Earth™ and comets??, and
in interstellar Media®. The photochemistry of
CH,OH hasreceived considerable attention over the
last two decades®®. Numerous studies on the ab-
sorption spectra of methanol have been carried out.
Nee et a.l" reported an absorption spectrum of
methanol in the region of 105-200 nm. The absorp-
tion spectrum of CH,OH shows aweak continuous
feature in the 163-220 nm region, two intense sys-
temswith vibronic structurein the 140-151 and 151
163 nm regions, and someweak featuresupon aris-
ing continuum at wavelengths smaller than 140 nm®.,
Sominskaet al.[® reported the absorption spectra of
CH,OH, CH,OD, and CD,OD in a supersonic jet

and assigned another vibrational mode (CH, rock-
ing) for the system in the region of 151-163 nm.
Philig® reported resonance-enhanced multiphoton
ionization spectra of jet-cooled methanol which is
in complete agreement with the VUV absorption
spectra®, What is more, the absorption spectrain
the vacuum ultraviolet region of methanol in con-
densed phases*? whichissubstantially different from
gas phase results was reported recently.

Despite many theoretical and experimental re-
ports about CH_OHI"#, the studies of the ground and
low-lying excited states’ properties of
methanol (CH,OH) are needed. The geometric pa-
rameters, energies and the harmonic vibrational fre-
quencies of the ground state and the triplet excited
state are calculated. The vertical excitation ener-
gies of the singlet excited states of CH,OH are cal-
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culated and thetheoretical resultsarein better agree-
ment with the experimenta results. What is more,
the vertical ionization energy, the adiabatic ioniza-
tion energy, thevertical electron affinity and the adia-
batic el ectron affinity of the methanol are calculated
and compared with available experimental results.
Theseresultsarevauableand could serveasaguide
for both the theoretical and experimental research
inthefuture.

This paper is outlined as follows. In Sec.2, the
theory and the calculation details are introduced. In
Sec.3, the calculated results of the geometric pa-
rameters, the vertical excitation energies, the verti-
cal ionization energy, the adiabatic ionization en-
ergy, the vertical electron affinity and the adiabatic
electron affinity of the methanol are discussed. We
end with asummary in Sec.4.

THEORETICAL METHOD

The MP2(full)/6-311++G(2d,2p) leve of theory
ischosen after comparing varioustheoretica results
with experimental results. The geometric parameters,
energiesand frequencies of the ground state and the
triplet exited state of methanol (CH,OH) were cal-
culated. All the computed harmonic frequenciesare
scaled by afactor of 0.9427. Thevertical excitation
energies of the singlet excited states of CH,OH are
also calculated. After comparing the singlet excited
states’ vertical excitation energies cal cul ated by dif-
ferent methods and basis setswith the experimental
results, it is found that the theoretical results per-
formed by the TD-DFT™¥(b3p86/6-311++G**)
method arein best agreement with the experimental
results. What is more, the ionization energies and
the el ectron affinities of methanol (CH,OH) are cal-
culated.

The ionization energy could be regarded as the
energy variance of abstracting an el ectron from the
molecule and the electron affinities could be re-
garded as the energy variance of adding an electron
into the molecule. The ionization energy could be
divided into the vertical ionization energy and the
adiabatic ionization energy; accordingly, the elec-
tron affinitiescould be divided into the vertical elec-
tron affinities and the adiabatic electron affinities.
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We used the optimized geometry of the ground state
of CH,OH to calculate the vertical ionization en-
ergy which is obtained from the energy difference
between the positive molecular ion and the neutral
CH_,OH molecule. The calculated adiabatic ioniza-
tion energy is obtained from the energy difference
between the positive molecular ion and the neutral
CH_OH molecule under their respective optimized
geometries. Thevertical electron affinity isobtained
from the energy difference between the negative
molecular ion and the neutral CH,OH molecule. The
cal cul ated adiabatic d ectron affinity is obtained from
the energy difference between the negative molecu-
lar ion and the neutral CH,OH molecule under their
respective optimized geometries. All of the calcula-
tionswere performed using the GAUSS09 quantum
chemistry softwarel*4.

RESULTSAND DISCUSSION

The optimized equilibrium structures of the
ground state and the lowest excited state of
methanol

TABLE 1 presents the cal culated geometric pa-
rameters and experimental results of methanol at
various methods and basis sets. It could be found
that the results at the MP2(full)/6-311++G(2d,2p)
level of theory isin best agreement with the experi-
mental resultsi®®l. Therefore, the MP2(full)/6-
311++G(2d,2p) level of theory ischosen for metha
nol molecule. For the ground state of methanol, the
C-Obondlength of 1.425°Ais0.0004 A larger than
the experimental value of 1.4246. °‘A TheH-O bond
length of 0.957 A is0.0119 A larger than the ex-
perimental value of 0.9451 °A. The bond angle of
ZCOH 1s108.1368 °and the experimental valueis
108.53° The dihedral angle D(H,C,O,H) is
179.9778°and the experimental valueis 176.73°.

Figure 1 exhibitsthe optimized ground state ge-
ometry of methanol at the MP2(full)/6-
311++G(2d,2p) level of theory. Figure 2 exhibits
the optimized triplet state geometry of methanol at
the MP2(full)/6-311++G(2d,2p) leve of theory. The
calculated results indicate strongly that the ground
state of methanol molecule(11A) has Cs symmetry
and thetriplet state has C1 symmetry.
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TABLE 1 : The calculated geometric parameters and experimental results of methanol at various methods and
basis sets(the unit of the bond length is °A and the unit of the bond angle is9

Level r(C-0)  r(C-H)  r(O-H) ZCOH ZHCH D(H,C,0,H)
Observed™ 1.4246 1.0936 0.9451 108.53 108.63 -176.73
CCSD/6-311++G** 1.4201 1.0983 0.9577 107.6002 108.5173 180.016
CCSD(full)/6-311++G** 1.4185 1.0978 0.9572 107.6555 108.4878 -180.1152
CCSD/ aug-cc-pVDZ 1.4324 1.1058 0.9636 108.1289 108.6398 -180.0255
MP2/6-311++G(d,p) 1.4218 1.0959 0.9594 107.3441 108.528 179.9845
MP2(full)/6-311++G(d,p) 1.4203 1.0955 0.9589 107.4103 108.488 179.9904
MP2/6-311++G(2d,2p) 1.4269 1.0887 0.9578 108.0564  108.6139 180.0436
MP2(full)/6-311++G(2d,2p) 1.425 1.0875 0.957 108.1368 108.5712 179.9778
MP2/aug-cc-pvVDZ 1.4348 1.1031 0.9658 107.8985 108.6967 179.9611
MP2/aug-cc-pVTZ 1.4235 1.0913 0.9611 108.0291 108.5987 179.9247
B3LY P/6-311++G** 1.4238 1.097 0.9613 108.8337 108.4043 179.9291
B3LY P/6-31++G(d)... 1.4251 1.0996 0.969 109.0437 108.5793 -180.0071
B3LY P/6-31++G(d,2p) 1.4254 1.0975 0.9641 108.8731 108.4588 179.9577

0. 967

Figure 1 : The ground state geometry of methanol

Figure 2 : The triplet state geometry of methanol

TABLE 2 : The geometric parameters and energies of the ground state(1'A), triplet state(1°A) of methanol(the unit
of the bond length isAthe unit of the bond angle is °and the unit of energy is hartree)

State r(C-H) r(C-0) r(O-H) ZHCH /ZCOH D(H,C,0,H) Energy
Observed™ 1.0936 1.4246 0.945 108.63 108.53 176.73
Ground 1.0875 1.425 0.957 108.57 108.14 179.98 -115.52
Triplet 1.0881 1.3795 3.390 107.57 94.12 -146.05 -115.34

TABLE 2 presents the optimized geometric pa-
rameters and energies of the ground state(11A) and
triplet state(13A) of methanol at the MP2(full)/6-
311++G(2d,2p) level of theory. The ground state
geometric parameters are in good accordance with
the experimenta values. The triplet state’s geom-
etry and energy are compared with the counterpart
of theground state. The ground state energy of metha
nol at the MP2(full)/6-311++G(2d,2p) leve of theory
is-115.52hartree and the lowest triplet state energy
of methanol is-115.34harstree. When the methanol
molecule is excited to the triplet state(13A) opti-
mized geometry, the O-H bond lengthislengthened
t03.3895 5 andthe C-O bond lengthis shortened to

1.3795°A. The substantial increase in O-H bond
length indicates strongly that the triplet state poten-
tial energy surface has repulsive nature. The corre-
sponding product channel is to form H atom and
CH,O radical.

The calculated results of the excitation energies

The vertical excitation energies of the singlet
excited states of CH,OH are calculated. TABLE 3
presents the singlet excited states’ vertical excita-
tion energies calculated by different methods(TD-
DFT and CIS) and basis sets at the MP2(full)/6-
311++G(2d,2p) optimized geometry. It could be
found that the TD-DFT results are more accurate
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TABLE 3 : Vertical Excitation Energies(in nm) for Low-Lying Excited Electronic Sates of CH,OH based on the
geometry of MP2(full)/6-311++G(2d,2p) level along with the experimental results

CH3OH X'A>1TA” X'A'52'A”
Experiment!® 183.42 160.46
TD-pbepbe/6-311++G** 218.04 194.86
TD-pw91pw91/6-311++G** 219.97 195.60
TD-b3p86/6-311++G** 186.05 165.91
TD-b3lyp/6-31g(d) 160.77 128.90
TD-pbepbe/aug-cc-pvVDZ 219.28 196.97
TD-pw91pw9l/aug-cc-pVDZ 221.47 196.73
TD-b3p86/aug-cc-pvVDZ 186.97 167.59
TD-b3lyp/6-311++G** 198.04 175.52
RCIS/6-311++G** 152.42 131.00

TABLE 4 : Vibrational frequencies of the ground and triplet state of methanol

State Frequencies
Ground 271,994,1032,1123,1308,1422,1444,1456,2899,2964,3021,3607
Triplet 16,35,65,761,919,1054,1348,1357,1460,2854,2931,2968

TABLE 5 : Calculated vertical ionization potentials(VIP), adiabatic ionization potentials(AlIP), vertical electron
affinity(VEA) and adiabatic electron affinity(AEA) of CH,OH

CH,OH VIP(in eV)

AlP(in eV) VEA(in eV) AEA(in eV)

MP2(full)/6-311++G(2d,2p) 11.32

11.18 0.893 0.888

than the CI S results compared with the experimental
results. Thetheoretical results performed by differ-
ent TD-DFT methodsare quitedifferent. Itisfound
that thetheoretical results performed by the TDDFT-
b3p86 method are more adjacent to the experimen-
tal results than pbepbe and pw91pw9l methods.
What is more, the excitation energies at different
basis sets calculated by b3p86 are also different.
The results calculated by b3p86/6-311++G** are
much better than the counterparts calculated by
b3p86/aug-cc-pVDZ compared with experimental
results. In summary, the theoretical resultsperformed
by the TDDFT (b3p86/6-311++G**) method arein
best agreement with the experimental results.

Harmonicfrequencies

TABLE 4 presents the vibrationa frequencies
of the ground state and triplet state of methanol. It
could be found that the vibrational strengths arethe
largest at wavenumbers of 271 and 994cm-1 which
correspond to the rocking vibration and stretching
vibration, respectively. As for the triplet state, the
vibrational strength isthelargest at wavenumber of

761cm-1 which corresponds to the rocking vibra-
tion. The calculated geometries of the ground and
triplet states are stable because there are no imagi-
nary frequencies.

lonization energies

TABLE 5 presentsthe vertical ionization energy,
the adiabati c ionization energy, the vertical el ectron
affinity and the adiabatic el ectron affinity of metha-
nol calculated at the MP2(full)/6-311++G(2d,2p)
level.

The vertical ionization energy and the adiabatic
ionization energy of methanol calculated at the
MP2(full)/6-311++G(2d,2p) level are 11.32eV and
11.18eV,respectively. The calculated vertical elec-
tron affinity and the adiabatic el ectron affinity of the
CH_,OH molecule are 0.893eV and 0.888¢eV, respec-
tively. It could be concluded that the mol ecul e needs
more energy in losing an electron than obtaining an
electron. That is to say, the ability of obtaining an
electron isstronger than losing an electron. Thecal-
culated results could serve as a guidance for ex-
perimental observations.
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CONCLUSIONS

The ground and low-lying excited states of
methanol (CH,OH) molecule have been studied. The
MP2(full)/6-311++G(2d,2p) level of theory is cho-
sen after comparing various theoretical resultswith
the experimental results. The geometric parameters,
energiesand frequencies of the ground state and the
triplet state were calculated. The results of the har-
monic vibrational frequenciesindicate strongly that
the calculated geometries of the ground and triplet
state are stable. Beginning with thetriplet state struc-
ture, the repulsive nature of the triplet state poten-
tial energy surface is explained. The vertical exci-
tation energy of the singlet excited states of CH,OH
are calculated. After comparing the singlet excited
states’ vertical excitation energies cal culated by dif-
ferent methods and basis setswith the experimental
results, it is found that the theoretical results per-
formed by the TDDFT (b3p86/6-311++G**) method
arein best agreement with the experimental results.
The calculated vertical ionization energy and adia
batic ionization energy of the methanol at the
MP2(full)/6-311++G(2d,2p) level are 11.32eV and
11.18eV while the calculated vertical electron af-
finity and the adiabatic el ectron affinity of the CH,OH
molecule are 0.893eV and 0.888eV, respectively.
The calculated results could serve as aguidance for
experimental observations.
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