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The splitting of potential energy curves for the states X2H3/2, 2H1/2 and A2X% of hydroxyl OH under spin—orbit

coupling (SOC) has been calculated by using the SO multi-configuration quasi-degenerate perturbation theory (SO-
MCQDPT). Their Murrell-Sorbie (M—S) potential functions have been derived, then, the spectroscopic constants for
X2H3/2,2H1/2 and A2XT have been derived from the M-S function. The calculated dissociation energies for the three
states are Do[OH(X2I13,5)]=34966.632cm ™1, Do[OH(?11; /,)]=34922.802cm™ !, and Do[OH(A%ET)]=17469.794cm ™1,

respectively. The vertical excitation energy 1/[21_I1/2(u =0) - X2H3/2(z/ =0)] = 139.6cm™!.

All the spectroscopic

data for the X2H3/2 and 21_11/2 are given for the first time except the dissociation energy of X2H3/2.
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1. Introduction

Spin-orbit coupling (SOC)! is a kind of mag-
netic effect, and in fact, a relativistic effect, which
lead to spectral branch terms. It causes two essen-
tial effects. The first is the splitting of multiple lev-
els, referred to as zero-field splitting or fine structure
splitting. The energy separation between the multi-
ple components increases greatly with growing nuclear
charge. Second, SOC mixes electronic states of dif-
ferent multiplicities, thus allowing radiant transitions
(phosphorescence) and non-radiant transitions (inter-
system crossing) between them. Phosphorescence and
intersystem crossing rates determine, for instance, the
lifetime of the first electronically excited triplet state
of an organic molecule. The availability of molecules
in this state plays a key role in photochemical reac-
tions, photosynthesis, and the photo-biological activ-

ity of drugs, luminescence, and so on.

OH radical molecule is a basic functional group
for organic molecules and of interest for chemical re-

action process. Both the generation and annihilation

of the great mass of pollutants in the atmosphere have
a certain relation with OH. Besides, it is one of the
most important oxidizer in the troposphere and has

(1,2]

important effects on formation of acid rain and ul-

lage of ozone and so on. The research of hydroxyl
is of great importance in the domains of environment

science, spectroscopy, Cosmo chemistry etc.

The radical molecule OH is being studied by
The elec-
tronic structures and their corresponding proper-
ties of the electronic states XZ2II and A?YT have

been intensively studied in both experimental and

many researchers in the recent 50 years.

theoretical®=5! studies on bond-space, oscillation fre-
quency, dissociation energy, etc. However, up to
now, the potential energy curves and spectroscopic
constants on the electronic states X2H3/2 and 21_[1/2
are seldom studied, except for the dissociation en-
ergy of OH(X2H3/2).
lots of experiment results on the dissociation en-
ergy of OH(X2H3/2), for examples, DO[OH(X2H3/2)]
is derived by Barrowl® in 1956 and by Ruscic

In experiment, there are

et al™ indirectly based on pulsed-field-ionization
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photoelectron spectroscopy measurements and mass-
selected photo-ionization measurements in 2002. The
Barrow result Do[OH(X?II3/5)]=35427cm "
cepted widely and the Ruscic photo-ionization ex-
perimental value Do[OH(X?II3/,)]=35593+24cm !

are in good agreement with their own calculation.

1s ac-

In theory, Ruscic and co-workers carried out a
CCSD(T)/aug-cc-pVnZ ab initio calculation on OH
using MOLPRO, Gaussian 98, and ACES-II and got
a Do[OH(X?II;/,)]=35532cm !

their experiment value; Joensl® analysed the avail-

in corroboration of

able experimental data for thermodynamic cycles
involving HoO and H50O,; and obtained the value
Dy[OH(X?II;5)]=35584+10cm ™

uncertainty in the values reported by Ruscic and co-

1 which reduces the

workers by a factor of 3; and Zhou et all® gave a
Dy[OH(X?II;/5)]=35565+30cm ™" in 2003. Neverthe-
less, the other spectroscopic constants and the poten-
tial energy curves for the two split states X2H3/2 and
2H1/2 of OH have never been covered by experimen-
tal and theoretical studies, the only exception being
the vertical excitation energy from 21_[1/2(1/ = 0) to
X2H3/2(1/ = 0) listed in Herzberg’s Handbook of 1979.
In view of the above, the all spectroscopic constants
and the potential energy structures corresponding to
the splitting of low-lying states for the OH radical
molecule will be calculated in the present research
based on SO multi-configuration quasi-degenerate per-
turbation theory (SO-MCQDPT), i.e., the method
MCQDOPT with spin-orbit Coupling (SOC). This
method has been proven to be feasible to work out
the splitting of molecular electronic states using the
Gamess-US.["]

In this paper, the energy level splitting for OH
molecule under SOC will be theoretically studied us-
ing the Gamess-US suite with SO-MCQDPT. Besides
its importance mentioned above, the small number of
electrons and the wealth of existing experimental data
for the OH molecule are also beneficial to the quick
calculation and the comparison with the calculation
results. The paper is organized as follows: in Section
2 the SO Hamiltonian is briefly introduced and the
equations for the M-S potential energy function and
the spectroscopic data listed directly without deriva-
tion. In Section 3, the SO-MCQDPT method is ap-
plied to the oxygen atom and OH radical molecule,
and the results are compared with the experiment val-

ues. Conclusions are given in Section 4.

2.Computational details

2.1. H5C operator and SO-MCQDPT method

Since the common theoretical models for molec-
ular calculation are single-component codes with the
solution of the non-relativistic Schrodinger equation,
it is reasonable to include SO and other relativistic
The Foldy—Wouthuysen

transformation!®! for the Dirac-Coulomb equations is

corrections in these models.

to eliminate the two small component spinors cor-
responding to positrons, producing a two-component
equation, and may further eliminate the spin depen-
dence of the Hamiltonian making it spin free (H5F),
thereby eliminating a third component and producing
a single-component equation. This transformation,
truncated at order 1/c2, leads to the following HS©
operator. The total Hamiltonian operator H could be
expressed as

H = H° 4+ H%. (1)

First, the well-known non-relativistic Schrodinger op-

erator is
R YDAEDI IELS
DD rii+ Y Y Zape’ [rap. (2)
i % a g

The spin-independent mass-velocity and Darwin rela-
tivistic corrections (whose two-electron term is often

neglected) are given as follows:

h4
MV __ 4
H - = ]c2m3 Z vz ) (3)

e =3 SR L K| BT

These are often termed ‘scalar’ relativistic effects and
which could be used to define the spin-free Hamilto-

nian, also known as the Cowan—Griffin operator,
HSF — HNR + HMV +HD (5)

The final term of the H operator at order 1/c? is the
SOC term, known as the Breit—Pauli SO operator,

1 Zoe? ~ &
H*® T om2e2 {ZZ r?’e Tia-Si
_ Z Z

which contains both one- and two-electron terms.

(S; + 25, )] (6)

In these formulae, T and S are space and spin an-

gular momentum operators, fja = (r; — Ry) X P,
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L = (ri —

denote electrons and nuclei respectively. The above

ro) X P;, Roman and Greek subscripts

models are incorporated into the transition directive
of Gamess-US.

Equation (6) is the full Breit—Pauli operator, cor-
responding to the HSO2 directive in Gamess-US pack-
age. If the active-active two electron contributions
to H5© of equation (6) is omitted, the corresponding
model is called HSO2P, i.e. only partial two electron
and full one-contribution are included in the direc-
tive HSO2P. Our calculation is to retain all active-
active two electron contribution in HS© in full Breit—
Pauli operator, therefore, the results are theoretically
expected to be better than those of calculations us-
ing HSO2P; the latter is employed by Fedorov and
Gordon. [

In the present work the SO-MCQDPT method is
employed in GAMESS-US procedure. SO-MCQDPT
is based on single and double excitations from the CAS
and the SOC. Hamiltonian is constructed in the basis
of a few CASCI states, with the perturbations built
now into the effective SOC Hamiltonian. The MC-
QDPT method based on Mgller—Plesset partitioning
is proposed by Mgller and Plesset:[1% it is a multi-
state, as well as multi-reference (MR) perturbation
theory. It has several advantages over other MR meth-
ods. Firstly, it is more efficient than the other MR
based methods such as MR-CI and MR coupled clus-
ter (MR-~CC), because it does not require iterations
for diagonal or for solving linear equations. Secondly,
it can yield results within chemical accuracy. Thirdly,
it can describe open shell or excited states as well as
closed shell ground states in a single framework.

The configuration interaction and spin—orbit cou-
pling for the two low-lying states XZ2II and A2%t
are studied in present research. The ground
electronic configuration of hydroxyl state XZ2II is
(1s)2(2s0)?(2poo +1sg)? (2P 0)? (2P7 o)!, if one
electron is transferred from the orbit (2poo+1sy)
to the orbit (2Pmo), the first excited state (A2XT)
will be formed, and its configuration will be
(1s)2(2s0)?(2poo+1sy )t (2P7o). In the present re-
search, we have calculated the structure of the above
two states under SOC, the spectroscopic parameters
and potential energy functions, respectively. The 6-
3114+¢ (3p) and 6-311+g (3df) basis sets are used for

H and O atoms, respectively.

2.2. Potential energy function

Molecular potential energy function is a molecular
structure for full space and plays a key role in molec-
ular collision. All the potential energy functions for
the splitting of low-lying states are least-square fitted

as the Murrell-Sorbie function/t1-12]

V(p) = =De(1 4 a1p+ azp® + azp®)exp(—aip), (7)

where p = R — R., R is the inter-atomic distance,
R, is its equilibrium distance. From the M-S func-
tion it is easy to derive fs5, f3 and f4, and then cal-
culate spectroscopic data we,weXe, Be, e using equa-

tions (7)—(13). The corresponding formulae are

f2 = De(af — 2az), (8)

f3 = De(araz — a3 — a3/3), 9)

f1 = Do(3a] — 12ajay + 24a;a3), (10)

B, = h/8mcuR?, (11)
f2

(12)

f4R(Ze WeXe 2
- 15(1
fo * - 682

3. Results and discussions

3.1. Oxygen atom

Firstly, oxygen is taken as an example to prove
the validity of the SO-MCQDPT method. Compari-
son between the calculation values and the experiment
results is listed in Table 1.

From Table 1, it can be seen that the energy levels
split owing to the relativistic effect—SOC, the ground
state 3P term of the configuration 2s22p* for O splits
into three different J levels, 3P, 3P; and 2Py. The
3P, splits into five different levels and 2P; splits into
three different levels because of the basis sets. Com-
paring the calculated values with experiment values
in the Table 1, we can see that the calculated results
are in better agreement with experiment values by us-
ing Gamess-US to process the low-lying states. This
method will be extended to hydroxyl radical in view

of this calculation result.
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Table 1. Energy levels for oxygen atom (3 P).

Configuration State 7 Experiment /cm™! Calculation/cm™?!
Level Interval Level Interval
0.00(2)
2s22p* 3p 2 0.0 -158.5 1.2574 155.2077
1.2651
1.6836
155.2077
1 158.5 —68.5 155.2167 72.1
155.3387
0 226.5 231.13

3.2. Hydroxyl radical molecule

For linear molecules under SOC, the coupling of

[13]

electronic states!'”! can be expressed as

Q=4+ 3, (15)

where A and X' are orbit and spin angular momentum,
respectively. Under SOC, the XZ2II state is split into
X2H3/2 and 21_11/2 for A =1,% = £1/2 and there is
no split for A2X* because of A=0, ¥=1/2.

The calculation results are in agreement with the
above prediction, Fig.1 shows the details of the poten-
tial energies for the states X2H3/2, 21'[1/2 and A%22t.
The parameters ay, as, as, R, and D, of the poten-
tial energy functions for the corresponding states also
are worked out by the least-squares fitting. Moreover,
the force constants and the spectroscopic constants for
these three states can be derived out using Egs.(7)—
(13). All those data are listed in Table 2 and Table 3,

respectively.

Table 2. Parameters of the analytical potential function.

Electronic state Re/A al/Afl aZ/A*Z ag/A*S De/cm*1
X?2M5,, MCQDPT 0.9640 4.7596 5.8567 4.5197 36839.013
211, /» MCQDPT 0.9640 4.7675 5.8808 4.5259 36796.427
X2l 0.9696 4.5070 4.8840 3.7950 37270.597
A2%+ MCQDPT 1.0 3.3099 —2.9951 -0.0073 19136.246
Table 3. Spectroscopic data.
State u.)e/cm_1 weme/cm_l Be/cm_1 oze/cm_1 R./nm Do/cm_l lloo/Cl’l’l_l
X?M;,, MCQDPT | 3785.890 82.255 19.133 0.7066 0.0964 34966.632
X235 Exp. 354504:100[3!
35593+2404]
355844101]
3556543016
35420+15[14]
211, ;, MCQDPT 3788.404 82.308 19.133 0.7054 0.0964 34922.802 139.60
211, /5, Exp. 126.23[15]
X211 Exp.[15] 3737.760 84.881 18.910 0.7242 0.096966
A2%+ MCQDPT | 3395.849 125.89 17.781 0.8910 0.10000 17469.794
Exp.[15] 3178.80 92.91 17.358 0.7860 0.10121 18956414[4]
19011+10[°!
18943+30[16]
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Fig.1. The PECs of the ground state X2TI(1, 2) and
the first excited state A2X1(3) of OH and the partly
magnified PECs of the states X2H3/2 and 2H1/2 of
OH.

The geometric structures for X2H3/2,2H1/2 are
worked out for the first time up to now. The equi-
librium distance of OH molecule for the two states
X2H3/2 and 2H1/2 is the same R.=0.964A in our re-
search, besides, the calculation result also shows that
the X2H3/2 is the ground state and the 2H1/2 is the
first excited state under the spin—orbit coupling, this
is because E(X2H3/2):—75.5486921733 a.u. is lower
than E(?Il; /5)=-75.5480560145 a.u. at the equilib-
rium distance. From the calculated results in Ta-
ble 3, the dissociation energies for the two states
are also given in the present research, which are
Do(X?II3/5) = 34966.632cm™ ' and Do(*I1;5) =
34922.802cm !, respectively. The deviation from the
up to date reported result for the dissociation energy
of X?TI3/5 is 568.4—628.4cm™"(1.6%—1.76%). As can
be seen in Table 3, the error for A2XT is a little bit
larger, the reason might be due to the selection of the
CAS and the limitation of the basis set. With the us-
ing of large complete active space and basis set, the
calculation result is likely to be improved further, but

this process is quite time-consuming.

3.3. The Energy Interval of SOC between
X2H3/2 and 2]._.[1/2 for OH

The splitting energy intervals between X2H3/2
and 21_[1/2 have been presented in Fig.2. This energy
interval could be regarded as vertical transition energy
from X2H3/2 to 2H1/2, as with the increasing of OH
inter-atomic distance, the curve experienced a little
increasing from 0.5A to 1.55A, and then a gradual de-
creasing to about 67.5cm " at 4.2A. The energy inter-
val could also be approximately regarded as the SOC
energy of X2H3/2 and 2]:[1/2, the results show that

the energy difference at all distances of OH molecule
is lower than 141cm™!. This result indicates that per-
turbation approximation of SOC is reasonable for the

light molecules.

140
o 120
O
~
B
2 100
=}
=
80 |
o
0.5 1.5 2.5 3.5 4.5

Interatomic distance/A

Fig.2. The curve of the vertical transition energy of
OH X2H3/2_>1/2 vis the inter-atomic distance.

4. Conclusion

The theoretical research of molecular structure for
hydroxyl radical under SOC have been worked out us-
ing the method of SO-MCQDPT in Gamess-US pack-
age.

The calculations for the three sublevels 3Py, 3P,
3 Py of the ground term 3P of oxygen atom are in good
agreement with the experiment values. These results
directly justify the feasibility of the SO-MCQDPT
method. For the first time, the theoretical studies on
the splitting of X2II of hydroxyl radical molecule un-
der SOC and potential energy curves for the X2H3/2
and 2H1/2 have been fitted by the least-squaring with
M-S analytical function, and the spectroscopic pa-
rameters for the two states have been derived in our
research. The calculated vertical transition energy
from 2H1/2 to X2H3/2 at the equilibrium distance is
139.6cm~'. The results for the X2H3/2 and 2H1/2
states are in good agreement with experimental value
of X?II of OH; and the corresponding value for the
state A2%1 is also given, although it is only in rea-
sonable agreement with the experimental value. With
the use of large active space and big basis set, we
believe the theoretical results would have a great im-
provement.

From the relationship curve of the splitting en-
ergy interval between X2H3/2 and 21'[1/2 with the dis-
tance of OH molecule, the SOC perturbation energy
for the X2H3/2 and 2H1/2 is lower than 141lcm™?, this
directly indicates the perturbation approximation of

SOC is reasonable.
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