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This work gives the values of the partition functions of the electronic and internal energies
of the TiO molecule in-the terﬂperature range from 4,000 to 10,000°K. The TiO molecule is treated
as a nonrigid rotator and anharmonic oscillator. The calculations took account of all the known
electronic states (from spectroscopic observations and theoretical dehberatmns) Some of the
spectroscopic’ constants of ‘the TiO miolecule are compared and analysed '

" Introduction

In recent years more and more efforts have been expended on technological and physico-
-chemical research conducted at hlgh temperatures with utilization of thermal plasma.

When determining the temperature of the plasma;‘the concentration of plasma compo-
nents and the oscillator power, it is necessary to know a quantity known as the sum over
states or partition function (of internal, electronic, vibrational and rotational energies).
Knowledge of the internal partition function and its derivatives enables calculation of the
thermodynamic functions.

The error made in determmatlons of the physico-chemical quantities just mentioned
depends to a large extent on the accuracy with the spectroscopic constants (electronic energy
vibration and rotation constants), used in calculations, are determined. Information on the
spectroscopic constants of a very many molecules, including TiO, is still highly unsatisfactory.
A number of constants are ‘unk'néwn, while some of those which are, in the light of new
research, require . correction.

The internal partmon functwns of heteronuclear diatomic molecule

Assuming that energy Tevels of electronlc, v1brat1ona1 and rotatlonal states are mdepend-
ent of one another, we can write the partition function of the internal energy of a diatomic
molecule, Q.. in the form

Q stanuchleberot ) I ) (1)
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Qsym denotes the symmetry number (for heteronuclear molecules Qg = 1). Q. is

the nuclear spin statistical weight or partition function related to the rotational motion of
the nuclei, and is expressed as:

Quue = 8n&e = L +1) - 2L+1) @

where g, g;» and I, I, are the respective statistical weights and spin quantum numbers
of the nuclei 1 and 2. Q is the electronic partition function, which is expressed by the
formula

i he
Qu= Z_gﬁ"eXP [— e TE’] ®3)

where g and T$ are the statistical weight and energy of the i-th electronic state, &, ¢, k
are universal constants, and T is temperature in degrees Kelvin. Q,;, is the vibrational
partition function, described by the equation

Q= Y60 0 |- %60 @

where v is the vibrational quantum number, g, is the statistical weight of the given vibrational
level (in the case of diatomic molecules g, = 1 for each of the vibrational levels), and G(v)
is the vibrational energy of the molecule. Q,,, is the rotational partition function, given by
the formula

Qrot = 2 8rot * €XP (—— % F (J)) ®)
J

where [ is the rotational quantum number, F(J) is rotational energy, and g, is the statistical
weight of the rotational level, equal to

ror = 2J+1. (6)

Some spectroscopic researchers lump the rotational motion of the nuclei together
with molecular rotation. In this case

Gror= 2J+1) - @L+1) - @L+1). @

Since the vibrational energy depends on electronic state, and the rotational energy on
the electron-vibrational state, we cannot use formula (1) in more precise calculations, but

Qint = Qsym - Q; Z Z Z gg) -2J + Lexp {— —% [Tgi)+G<i)(”)+F(i"’)(J)]}'
3 o J
()]

The electronic energy levels of a molecule are usually known with satisfactory accuracy.
The vibrational and rotational energies, mathematically described by means of series, are
functions of the quantum numbers v and J, respectively. For metal oxides the vibrational
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constants @, and o,%, and rotational constants B,, &, and D, (or D) are usually attainable.
The values of other coefficients in the expressions for the vibrational and rotational energies
are known sporadically, but even then in most cases they are just estimates.

In statistical calculations the energies of electronic, vibrational and rotational states
are taken relative to the lowest energy value, conventionally assumed to be equal zero.
In calculations of the internal partition function the authors used the following
formulae for the vibrational and rotational energies

Go(v) = wgv—wgxgv? )
Wy = w,—w,x, (9a)
WXy = W%, (9b)

where w, and w, are the frequencies of the oscillator in the equilibrium and’ zero point
and x, and x, are the first anharmonicity constants in the equilibrium and zero point, and

F(J)= B, JU+1)—D- JX(J+1)? (10)
B,=B,—«a, (v -+ %) : (10a)

Calculations made here make use of the assumption that the constant D is independent
of v (Eq. (10)), for in practice this does not affect the results of calculations. The values of D,
were used when those of Dy were unknown. In actual fact, there is a dependence, namely,

D, = D,—p. ('u + %) (10b)

Equation (10) describes the rotational energy of the d! D state (4= 0), Abeing the quantum
number of the component of the electronic orbital angular momentum along the inter-
nuclear axis. For singlet states with A # 0 the equation for the rotational energy has the
form

F(J) = BJU+1)—D,J3(J+1)2+...+(A—B) A2, (10¢)
The rotation constant A is
h
- e, (10d)

where I is the moment of inertia of the electrons along the internuclear axis. The expression
(4—B,) A% is usually included in the electronic energy of the molecule.

The energy of rotation of the triplet state, being an intermediate case between Hund’s
a and b cases, is described by the formulae given by Budo [1]

222003
3y +H4J(J+1)
4 y,—2J(J+])

@7y —D.J: e M i
F"(J) = BoJ(J+1)—DyJ*(J+1)%+B, 3y, 470 <0) 11)

FO(J) = BoJ(J+1)—DyJ2(J+1)2—B, {[y1+4f(f+ )% +
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F(a)(J) BJU+1)—Du(J+1)*+B, {[y1+4j(f+1)]v =i yz_zfﬂ}

3 y1+4J(J+1)
A2Y(Y—4)+_
_ Arv(Y— )_% e
Y—4B, (1)

where A is the so called interaction (splitting or coupling) constant. The product associated
with the rotational constant D may have.a somewhat different form. This has no practical
significance, for the contribution of this expression in the value of energy is minute and
energy, comes to light only at hlgh J values for which

1\*
e 1.4:.,. S S
D, (] + _2-) ~ D, JA(J+1)?
! Nd .
D, (J+-§l) ~ Do) (119

v

Summatwn lzmzts

The values of the 1nternal partltlon functlon depend on the lumts of summation. In
approximate calculations summation is over the limits v =0 to co and J=0 to co. In
some simplified methods of calculdting Q,, (Gordon-Barnes), summation takes place from
J=0to J= coand from.v = 0 t0.v = v, where v, is the actual maximum vibrational
quantum number for the given | electromc state, If Eq. (9) describes the vibrational

energy, U, may be,__d_etermmed from the formula
3 .
I S § (
Veax TS S ke 2 (1)

In actual molecules the maximum rotational quantum number Jnax 1 also finite. Itis a funcuon
of the quantum number . In the first approximation we can assume that the sum of rota-
tional and vibrational energies is constant and equal to the dissociation energy Dy (for
a given electronic state) of the molecule,

Ll = (RGOS Dyss - (13)

From this relation it 1s possﬂ)le to determme ] for the 1nd1v1dual values of v. To determine
Jinax 35 8 function of v accurately an analy51s must be made of the Vlbrat1on-rotat10n potential
curves, which may be deﬁned followmg [2], as

. . s Loy w, - i L B 2,
L -VA(r, J) = Duis {1_ exp [-— ZV—B——-— G (Te ]-) ]} +
BreJJ+1) Deel*(U+1)*

A
72 /5

(14)
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Here, 7 denotes the internuclear distance-(r, is the equilibrium intérnuclear distance). The
Josy defined in this way is for small v hlgher than that calculated from relatlon (13) by
30 to 40 ‘per cent: ; 3, 8 - O e '

- When - calculatmg the internal- partmon function the authors summed over ¥ from
v = 0to v= v, (determined from Eq. (12)) and over Jfrom J = O'to J = [, (determined
by v1hratlon-rotat10n potentidl - curves-analysis). In principle, ‘summation ‘should begin
from J = A for singlet states and J =" for degenerate states, but the error caused by

summation: from J =0 bears:no practical effect ‘on the’ calculated value.
e

' Speciroscopic constants of the TiO molecule
InTiO thereare singlet and triplet ¢ electronlc states. In the energy range up to 20,000 cm1
expenments have revealed the existence four singlet and four triplet electronic states. No
forbidden transitions between the singlet and triplet states have been observed.’ Three systems

of singlet:bands and three systems of triplet bands resulting from the transitions between
the appropriate electron-vibration-rotation states have been identified. These.are:

l /(‘)férigé"“ leﬁ:—‘a:lél . o /l;lue-gfeen)’(f3d§¥X3A
infrared - blm—ald © " orange-red B3r—X34
infrared  blw—d'E+ . red A3D—X3/4

Phillips [3] has shown that the triplet state is the ‘ground state of the TiO molecule,
and he found the energy of the-al4 state relative to the X34 state to be equal to 581 cm2.

The bln—dlz*‘ system was mvestlgated by Petterson and L1ndgren [4] and Petterson [5],
who' determined the electronlc transition energy v, = 91064« cm™! and the constants ®,,

0%, B,, D, o, of these states. They ‘determined 0,—20,%, experlmentally and caleulated

the values of w,x, from Pekeris’ formula [6]. b '

The authors of the present work, analyzing the blz—alA system on the basis of data
in Refs [7], [8],,[9],.[10] and [11], determined the electronic transition energy v, = 11,322.4
cm~! and vibrational constants for the bln and a4 states, which are w = 918.8 cm™1,
0%, =38cm™ and ) = 10184 cm™, 0! = 4.5 cm™1, respectively. From an analysis
of the positions of the- R and Q heads of the Orange B system, quoted in Refs [9] and [11]
we obtained:

v (clDP—ald) =.17,890.5 cm™1, co;'~‘—w:, = 995 cml, o, x —w"x" ’-'— 0 36 em1,
The energy of the ¢l® state is
T(AP) = T,(a) 42, P—a’4) = 184TLS om L @)

On the: basw of the R heads determined for the 1dent1ﬁed Vlbratlon-rotatlon bands
of the b'm—alA- system, Lockwood [10] proposed the acoeptance, in first approximation,
of the values », = 11,332.4 cm1, . o, = 1015.8 cm~! and wx, = ©,'x) =4 cmL. The
value of electronlc transition’ energy: that Lockwood 'determined is- lagerr than the actual
value of 9, by the distance between the R head and. the center'of the band (10 to 13 A).
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Linton and Nicholls [12] determined the positions of new bands of the ¢'@—al4
system. Assuming that the R and Q heads for the Av = v'—v"” = 0 and Av = 1 sequences
are separated by a constant value of 19 cm~, they obtained for ¢'® and a'4 the values
o, = 916.7 cm™, %, = 433 cm ! and , = 1016.3 cm™, w,'x, = 3.93 cm, respective-
ly, and T,(c'®) = 18,471.5 cm™™.

In actual fact the distance between the positions of the R and Q heads (in practice, the
band center) is different not only for every sequence of a given system of bands, but also
varies (however slightly) within the sequence itself. For bands of the Av =1 sequence of
the c!@—ald system this distance is about 15 cm~™. If the position of the R heads are
known, it is possible to calculate the position of the Q heads from

@ —slB) = — D i

A difficulty in making an accurate determination of the Q) head position on the basis
of Eq. (16) is the ignorance of the quantity a, for the ¢*® and a'4 states. In the present
work an estimated a, = 0.003 was accepted for these states.

Basing on Refs [6] to [11], the authors propose the following vibrational constants:

P w, = 919.2cm™! w,x, = 4.6 c1
bln w, = 918.8 cm™! 0%, = 3.7 cm™!
a*d o, = 1018.3 cm™* 0%, = 4.3 cm™

Calculations made use of the positions of the Q heads found by means of Eq. (16). The
authors believe the electronic energies of the blmw and d'E+ states quoted in the literature
to be erraneous. The energy of the blm electronic state is
T,(bin) = T,(a'd)+,(bln—a'd) = 11,903.4 cm™* (17)
and the d'X+ state
T (d*2) = T,(a'd)+v,(bln—ad)—v (bln—d'%) = 2.797 cm™. (18)

Phillips [13] analyzed the vibration states of the y’(B3w—X34) system of bands and
the rotational states of the (0,0) band. He proposed the following formula for the position
of R heads of the 3’ system of vibration-rotation bands:

16,309 1 1\2 1 1\3
vy(R) = 16,235 4 862 (v' + —) —10 (v' + —> — 1014 (’u" 4+ ”5) +25 (v” + -'-) .
16,162 2 2 2
(19)

The present authors believe that a critical view must be taken of Phillips formula.
The 9 system is formed as a result of transitions to the ground state (this is corroborated -
by the determined rotational constants, though the vibrational constants for the lower
state contradict this). For given o’ and "' the equation (19) is not satisfied by all three
heads of the band under consideration. Some of the bands probably come from other
systems (this is also considered by Phillips). Making a selection from among the bands given
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by Phillips (the criterion was the distance between the individual R heads at fixed v’ and v"),
the authors propose in first approximation for the B3z state T, = 16,220 cm™1, w, = 873 cm™!
and o x, = 4.5 cm™1, ’

The value of the rotational constant D(D,) for the ¢'® state, proposed by Phillips [9],
seems to be too low, and the authors submit the value of D(D,) as calculated from the
formula
4B?

D= .
e weg

(20)

In this way D(D,) can be determined relatively accurately, for this formula expresses the
relation between D,, B, and o, well, and the error of B, and w, determination is small.
The conformity between the experimental values of D with those calculated from Eq. (20)
for other states of TiO is very good.

In calculating the partition function the largest contribution to the calculated value
is given by the ground state. The ground state of the TiO molecule is the triplet X34. It
becomes split into 34,, 34, and 34,. Taking the energy of the lowest sublevel, 34,, to be
zero, the authors calculated the energies of the higher sublevels from the equation for the
triplet state. They are 102.5 cm™ and 204.0 cm™Y, respectively. These values are different
than those given by Herzberg [14].

The spectroscopic constants for eight states of the TiO molecule are arranged in Table I.
The authors preferred the experimental values of w,x, to values calculated from Pekeris’
formula.

TABLE I
Spectroscopic constants of TiO molecule
. T w, | W% B 1 D
Stat € Ref. e e’e | Ref. e Ref. : Ref. e Ref.
L ot | o et || Lot | ey || oy R
J
1|X34 |6 0 1008.6 | 4.61 | [14] | 0.5355 [17} | 0.00303 [15] | 0.61-10-¢ [18]
s4, |2 0
34, 2 102.5| A
34, 2 204.0 | A .
2 a4 |2 581 [3111018.3 | 4.3 A | 0.5377 A 0.003 A |0.63-10%(0) | [9]
0.5362(0) | [8]
3 |4+ | 1| 2797 A [1023.8| 4.64 | [4] | 0.5490 [4] | 0.00337 [4] | 0.62-10-¢(0)| [4]

4 |bm 2119034 A | 9188 3.7 | [4]|0.5134(c) | [4] |0.00203(c) | [4] | 0.70-10-%(0) [4]
, 05132 (d)| [4] | 0.0028(d) | (4]
5 4% | 6 | 14163.1| [17]| 8663 | 3.83 | [14]|0.5074 | [17]| 0.00318 |[17] |0.70-10-¢ |[17]

6 |Bm | 616220 | A | 873 | 45 | A |0.5080 A [0.003 A [0.70-10-5(0)| [13]
‘ 0.5065(0) | [13]
7 | |2 | 18471.5|[12] | 919.2| 4.6 | A |0.5227 A |0.003 A | 067108 | A

0.5212(c) | [9]
8 €4 | 6| 194304 [19]| 837.9] 4.55 [18]]0.4889 |[14] 0.0029 | [14] | 0.67-10-¢ |[18]

The reference (Ref.) denotes the source of the quoted value A — these authors’ proposal,
(0) — experimental value of constant at v = 0, (c) and (d) — for ¢ and nd states, respectively
N
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A number of new states are to, be.expected in addition ito those whose. existence has
been .confirmed by spectroscopic observations. At higher temperatures they. contribute
considerably to the partition function. These states, and their presumptive.energies are
quoted from Ref. [15] in Table IL . : o

TABLE I
Unobserved electronic states of TiO molecule and their energies

i State & T, cm™
9 . C B 6 9000
10 L B 2 3 13 000
1 1z 1 15 000
12 l.n 2 19000,
13 Y| 2 22 000
14 ‘ ‘ 37 6 22 000
15 : i 2 + 25000
16 3D 6 25000,
17 3y 6 29 000
18 o 2 30 000
19 " 2 33 000

Lately, Pathak and Palmer [16] observed the emission spectrum of TiO in the UV range.
This spectrum consists of systems of bands due to transitions from the high-energy states
(of - electronic energies over 30,000 cm™?). The share of these states in the electronic or
internal energy partition functions at temperatures up to 10,000°K is very small.

* Partition functions

In order to simplify the complicated computations, the electronic energies of the
sublevels of the X3/ state were determined by means of Eqs (11), (11a) and (11b). Calcula-
tions of the internal partition function employed the expressions (10) and (10a) for the
rotational energy. The error caused by this simplification is insignificant.

The electronic energy of the excited electronic states was increased (because of the
sphttlng structure of the X34 state) by the difference in energy of the 34, and 34 levels.
Since the excited triplet states of the TiO molecule lie high, their splitting was neglected
in the calculations.

The vibration and rotation constants for the states given in Table II are unknown.
Therefore, to each of these states the authors of this . paper assigned values of vibration-
rotation partltlon function which are the arithmetic mean of these functions known for the
eight states. The vibration-rotation partition function for a given electronic state was defined
by the equation

Qo= ), D @I+]) - exp {—

N [Gs>(v>+F<f’v>(m}g - e

/
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The results of calculations of the electronic and internal partition -functions are assembled
in Tables III and IV.

The error with which these values are determined is rather difficult to establish. Accord-
ing to the authors, it should not exceed 3 per cent for the electronic partition function and
and 5 per cent for the internal partition function (this was found on the basis of an estimate
of the accuracy of spectroscopic constant determination).

The authors thank Docent A. Bartecki for discussions and critical comments.
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