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CALCULATION OF TORSIONAL AND ROTATIONAL
RAMAN SPECTRA OF HYDROGEN PEROXIDE

G. A. Pitsevich,a* M. B. Shundalau,® and D. S. Umreiko” UDC 539.192:530.145.7

We present calculated intensity distributions in torsional, rotational, and torsional-rotational Raman lines in
spectra of hydrogen peroxide. Ab initio calculations of polarizability tensor components as functions of inter-
nal rotation angle were carried out in the HF/6-311G approximation. It is shown that the structure and
transformational properties of the polarizability tensor components of hydrogen peroxide in extended molecu-
lar symmetry group G4 EM) permit formation of purely rotational and torsional and rotational-torsional
Raman spectra. Common expressions to calculate Raman line intensities governed by torsional and rotational
motions of the non-rigid symmetric top molecule are obtained. The torsional components of the line intensities
have been calculated by estimating the appropriate matrix elements. The contribution of rotational compo-
nents has been calculated using the 3j-symbols technique.

Keywords: hydrogen peroxide, Raman spectrum, polarizability tensor, rotational spectrum, torsional-rotational
spectrum, 3j-symbols, ab initio calculations.

Introduction. The analysis, calculation, and interpretation of torsional-vibrational IR spectra of hydrogen per-
oxide, the simplest member of the class of non-rigid molecules, have been the subject of numerous experimental and
theoretical studies [1-5]. Similar studies using Raman spectroscopy (including experimental spectra recorded in the gas
phase with the required resolution) have not been reported. Recent research has shown [6] that the frequencies and in-
tensities of the HyO, torsional-rotational IR spectrum can be successfully calculated because the dependences of the
molecular dipole moment components in a fixed molecular coordinate system on the internal rotation angle are known.
A similar approach can be used to model the torsional-rotational Raman spectrum of H,O,. However, in this instance
the dependences of the polarizability tensor components on the torsional angle must be found. The appearance of such
capability in recent versions of the quantum-chemical GAMESS packet [7, 8] enabled the frequencies and intensities
of Raman lines due to rotational, torsional, and torsional-rotational motion of the H,O, molecule to be calculated.

Method. The Raman line intensity for the transition i” — i’ is known to be defined as [9]:
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where I is the intensity of the exciting radiation; N”, the population of the initial torsional-rotational energy level;
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S@”, "), the line strength associated with this torsional-rotational transition; v, the frequency of the exciting radiation;
and v(i”, 1), the frequency of the Raman line. The symbol i denotes the whole set of torsional n (n = 0, 1, 2, ...), T
(t =1, 2, 3, 4), and rotational quantum numbers J, k, and m; where even values of k correspond to T = 1 and 4;
uneven, T = 2 and 3 [4]. The symmetric top model was used to describe the rotational motion because the H,O,

molecule is a slightly asymmetric top (degree of asymmetry x = —0.99223) [1, 4].
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The line strength S(i”,{") in the polarizability approximation is determined by the matrix element of compo-
nent oy (j, [ = x, y, z) of the static electrical polarizability tensor oy in the spatially fixed coordinate system (CS) L:
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where W, and W, are electronic-vibrational-torsional-rotational wave functions of states i’ and 7.

Because the electronic and vibrational states do not change during torsional-rotational transitions, the integra-
tion in Eq. (2) can be carried out over electronic and vibrational coordinates and the designation (‘I’;"P;'| (xL|‘I‘;‘I’;>
= 0z can be introduced. Then, Eq. (2) becomes:
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It is more convenient for further calculations to write components of tensor oy; in an irreducible spherical ten-
sor form. The static electrical polarizability tensor is symmetric and has a non-zero trace. Therefore, only six of nine
irreducible spherical tensor operators remain: oc§,°’°) and a§2"” (o = 0, £1, £2). These are expressed as components of

the polarizability tensor in a cartesian CS as:
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Expressions (4)—(7) are valid for both a spatially fixed CS (s = L) and a fixed molecular CS (s = m). The
quantities OLEO’O) and 0c§2’0) are transformed according to representations D and D® in a three-dimensional rotation
group. However, because products xx, yy, and zz are transformed according to a fully symmetric representation in an
expanded molecular symmetry (EMS) group G4(EM) [10], ocgo’o) and oc?’“) are also transformed according to the fully
symmetric representation Ag of this group.

Because the H>O, molecule has a second-order symmetry axis for any torsion angle vy, the Neyman theorem
can be used to show that the only off-diagonal element of the polarizability tensor that is different from zero in a fixed

molecular CS will be «,,,,. Therefore, Eqs. (4) and (5) are not changed in CS m whereas Eqgs. (6) and (7) become
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Obviously in this instance ocfy%"z) is also transformed according to fully symmetric representation Ags in group

G4(EM). Componentwill be transformed according to Agy in this group because the product xz is also transformed ac-
. . . +

cording to this representation a,(qf"l).

Thus, if the polarizability tensor components are written in irreducible spherical tensor form, then Eq. (3) is

expanded over the sum of the two terms:
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The variables in Eq. (10) can be gathered by converting from spatially fixed CS L to fixed molecular CS m. Then,
polarizability tensor components in irreducible spherical tensor form are transformed as follows:
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where DE;Q, is a matrix of rotations of rank gq.

Because the quantity 0(8%0) is a scalar, it is invariant to a transformation of the CS. Then, Eq. (10) becomes:
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The first term in Eq. (11) is responsible for the strength of lines related to the isotropic Raman (torsional
wave functions are assumed to be real); the second, anisotropic. Thus, the isotropic Raman is related to element
OLE)?,’ZO) that is transformed according to Ag,. Therefore, the condition AT = 0 must be satisfied so that the integral over
the torsional functions will be different from zero. The selection rules in the rotational spectrum are known [11] to be

determined by the values of ¢ and ¢ in the definition of irreducible spherical tensor operator OL(()%G).

Al=-q, —(q+1),..,q-1,9; Ak=0c.

Because ¢ = 0 and ¢ = O for the isotropic Raman, it is obvious that the rotational state does not change dur-
ing the corresponding transition. However, the torsional state can change because An adopts any values. Thus, the ex-
amined polarizability tensor element produces the purely torsional spectrum of H,O,. Levels with the same symmetry
type are combined. In this instance, the expression for the line strength becomes:
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One of the 6" values in the second term of Eq. (11), which determines the anisotropic scattering, should be
fixed according to the literature [11] (for example, let ¢’ = p). Then, the summation over ¢’ disappears. By perform-

ing the summation over o, m’, and m”, we obtain a general expression for the line strength for the transition n”, 17,
J K >, vV, T, K+ pr
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Thus, the line-strength calculation consists of the calculation of 3j-symbols that arise during calculation of the
integrals over rotational wave functions in addition to integrals over torsional states from the polarizability tensor com-
ponents. However, the final result depends considerably on the molecular symmetry and the nature of the interaction
of torsional and rotational motions in the actual molecule. It has been shown [4] that a change of torsional state is
accompanied by a change of rotational and vice versa, despite the fact that the general expression for the line strength
in the IR absorption spectrum of H>O, does not prohibit the existence of the purely rotational and purely torsional
spectra.

For the intensity of the line related to transition n”, T
(1) becomes:
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where it is considered that the square of the corresponding 3j-symbol is (2J” + 1)_1 and the following designation is
introduced
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Considering that even values of k correspond to T = 1 and 4; uneven, T = 2 and 3, some of the terms in
Eq. (12) disappear. The summation over J and k in Eq. (12) should formally be carried out to infinity. However, the
contributions of terms with large J and k values begin to decrease because the population of the corresponding rota-
tional states also decreases quickly. Therefore, the summation is performed until the total sum does not vary noticeablg/.

The anisotropic Raman is produced by three types of irreducible spherical tensor operator elements, 0(62,,’1 ),
ocg)zr;lil), and oc(()2,,’1i2). Let us examine element OLE),,’I ) Because it is transformed according to Ags, AT = 0. Quantum num-
ber k also does not change whereas AJ = -2, -1, 0, 1, 2. If quantum number J does not change (AJ = 0), then the
purely torsional spectrum is observed, like for isotropic scattering. The differences will consist of the values of the

torsional integrals and the 3j-symbols. In this instance, the line intensities are:
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If the rotational state changes (AJ = x1, £2) and the torsional state does not, then the purely rotational spec-
trum of a symmetric-top molecules will form. The general formula for the line intensities in this instance is

2
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However, in the general case both the torsional and rotational states change. The intensity will be summed for
various allowed k values because the value of quantum number k does not change. Then, the general formula for the
line intensity of the torsional-rotational spectrum is:
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Let us examine element 0(8,,’1 ). As noted above, it is transformed according to Agy. Because of this, the tor-

sional state must change. Then, values T =1 > T=2and T =3 <> T = 4 can be combined. Because the value of
quantum number k must change (Ak = 1), the torsional-rotational spectrum will form. If the value of quantum number
J also changes under the aforementioned conditions, then the intensity will not accumulate because the transition en-
ergy will depend on both the torsional quantum numbers and quantum numbers J~ and k”. Transitions of this type
will not be examined further because, as shown previously [6], the corresponding absorption bands for the IR spec-
trum will be weak compared with those due to transitions where intensity accumulates. Therefore, considering that
AJ = 0, the expression for the Raman line intensity becomes:

2

”

Y Y Ny 20 4 1) A
Iz Ko+l - 1)

I GN v <n//’ ’” (2 _l) |

Finally, let us examine element oc(()m D It also is transformed according to Ag,. Therefore, AT = 0. Furthermore, Ak =

12 and AJ = -2, -1, 0, 1, 2. If the torsional state does not change, the purely rotational Raman spectrum of H202
will form. Accumulation of intensity over rotational states will be observed only for AJ = 0. Then

2
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The torsional-rotational spectrum will form for a change of torsional state. If quantum numbers J and k
change simultaneously, then a transition without intensity accumulation that is excluded from examination occurs.
Therefore, we will henceforth assume that AJ = 0 and that the expression for the Raman line intensity for Ak = 2
is:

2
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Thus, the purely torsional spectrum forms for elements ocf) and a&%no), rotational, for OLB and (1(2‘ ) torsional-ro-
tational, for chno), a&%nﬂ), nd (1(2 %2 The Raman line intensity will be determined mainly by the values of the cor-

responding torsion integrals.

The functional dependence of the polarizability tensor components in the irreducible spherical tensor form on
the internal rotation angle y must be found in order to calculate the integrals over the torsional functions. The explicit
form of such dependences was obtained based on quantum-chemical calculations using the GAMESS packet [7, 8] in
the HF/6-311G approximation.

Discussion. Figure 1 shows results of ab initio calculations of the polarizability tensor elements as functions
of internal rotation angle. Calculations were performed for torsion angle v in the range 0-180° in steps of 10° with
fixed dihedral angle and molecular geometry optimized over all other parameters.

It should be noted that the direction of the cartesian CS axes was dependent on 7y during the calculations using
the GAMESS packet. In addition, the intramolecular CS remained fixed relative to the molecule. The CS xyz in which
v = 0° the x axis was parallel to the OO bond, the y axis lay in the HOOH plane, and the z axis was perpendicular
to this plane was chosen initially. All values of the polarizability tensor components in the range 0° < y < 180° were
calculated in this CS. Components oy; in the range 180° < ¥ < 360° were determined using the obvious condition:

g = Oy 2r-vy).

On the other hand, it is understood that internal rotation in the molecule is complete only upon reaching

¥ = 720°. Therefore, the fixed molecular CS xy’z’, which was related in the examined interval to CS xyz by the con-
dition below, was used to calculate the polarizability tensor components in the range 360° < y < 720°:
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Fig. 1. Components (18,);10) (a), af)%;lo) (b), ocf)%;lﬂ) (c), and (xf)%;fl) (d) of Hy,Op
polarizability tensor as functions of internal rotation angle from ab initio cal-
culations in the HF-6-311G approximation.
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The polarizability tensor diagonal components oy; for this transformation did not change [0y = (il)z(xjj]
whereas component o, changes sign [0, = (+1)(=1)0,]. Thanks to this, components of the type oy; became 2n-2pe-
riodic whereas component 0, remained 4m-periodic. Thus, according to Egs. (5), (8), and (9), elements OLE)?;,O), 0(6,,’10),

(2.£2) . . i 2,%1) ; . )
oom  and were even functions of y with a 2r period; 0y, ', an uneven function with a 4m period.

Table 1 presents several squares of matrix elements of the polarizability tensor components for lower torsional
states. Energies of torsional and rotational states that were calculated beforehand were used to calculate frequencies of
torsional and rotational transitions [6]. Values of the rotational constants (A = 9.960 cm_l, B = C =0.901 cm_l) were
obtained using experimental geometric parameters [4].

Raman line intensities of the torsional spectrum were calculated for n = 0,_5 and T = 1, 2, 3, 4. The calcu-
lation of the torsional spectrum showed that line intensities due to element (xg,),go) of Eq. (12) were three orders of
magnitude less than the corresponding lines for element OLB%;,O) of Eq. (13). Figure 2 shows the calculated Raman tor-
sional spectrum.

The Raman rotational spectrum of H,O, was formed from three line progressions with different periods and
intensities. The first progression was due to element ocg,’lo) of Eq. (14) and selection rule AJ = 1. It was situated in
the range 3-70 em ! with period 2B (1.802 cm_l) and had the greatest line intensity at 19.823 em™! (J = 10). The
second line progression was also due to element (xg,’?) but for selection rule AJ = 2. This progression covered the

range 5-170 em™! with period 4B (3.604 cm_l) with greatest line intensity at 59.470 cm! (J = 15). The third pro-
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TABLE 1. Squares of Polarizability Tensor Matrix Elements Components for Low Torsional States

nl/’ T// RN nl’ TI <n//’ T” 89;10) n/’ T/>2 (l’l”, T” g%;lo) n/’ T/>2 <n//, T” E)zr;lil) n/’ T/>2 <n”’ T” E)Zr,r,liz) }’l,, T/>2

0.1 -0l 6.015 1.378 0 3.697-107
02 — 0,2
0,1 — 02 0 0 9.693-107 0
03 - 03 6.011 1.369 0 2 860102
04 — 0,4
03 — 04 0 0 8.865-107> 0
0,1 — 1,1 _

1.151-107 3.382.107 0 1.401-1072
02 — 1,2
0,1 — 1,2 0 0 3.167-107 0
03 — 13

7.875-107° 2.580-107 0 1.401-1072
04 — 1,4
03 — 14 0 0 3.895-107 0
0,1 - 2,1 ~

3.991-107° 8.446:107° 0 2.449.107°
02 — 22
0,1 — 22 0 0 1.210-107* 0
03 — 23

1.805-107° 4.376-107° 0 3.550-107*
04 — 2,4
03 — 2.4 0 0 4.489-107 0
Ll =11 6.031 1417 0 6.973-10
12 - 12
L1 > 12 0 0 9.477-107 0
13—~ 13 6.022 1.383 0 2.904-10
14 - 14
13 > 1.4 0 0 8.613-107> 0
L1 = 2,1

7.516-107° 3.990-107 0 1.936:1072
12 = 22
L1 - 22 0 0 4.998.107 0
13 = 23

3.771-107 3.269-107 0 2.329-1072
1,4 — 24
13 — 2.4 0 0 7.552:107* 0

gression had period 4(A — B) (36.236 cm_l) and was due to element 0y,

(2,£2)

progression decreased smoothly starting at a frequency equal to the progression period.

of Eq. (15). The line intensities of this

Line intensities of the Raman rotational spectrum were calculated for n = 0,_9; T=1,2,3,4;, and J =
0, 60. Figure 3 shows the resulting Raman rotational spectrum. It is important to note that the intensities of spectral
lines in the rotational spectrum were three orders of magnitude greater than those in the torsional spectrum, which was
due mainly to differences of the diagonal and off-diagonal matrix elements (Table 1).

o (2,0) (2,£1) . . .
The contributions of elements o), " and oy, ~ to the formation of the Raman torsional-rotational spectrum of
. . + o .

H,O, were negligibly small compared with that of (162,,’[2). Therefore, the contribution of only this element of the po-
larizability tensor was examined further. Line intensities of the torsional-rotational Raman spectrum were calculated for

n=031t=1,2,3,4;, and £k = 0O, 11.
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Fig. 3. Rotational Raman spectrum of HO,.

The transition between a system of torsional-rotational states belonging to a given n” and a certain other n’
formed two band progressions where both progressions had the same period of 4(A — B) = 36.236 em ™! Let us ex-
amine n” = 0 and n’ = 1 because transitions between adjacent n values were the strongest.

Transitions between states with T = 1 and 2 formed the first progression, the center of which was located at
290.384 cm™! and corresponded to transitions with AJ = 0, 77 = v = 1, and ¥’ = 0, ¥ = 2. Lines with higher fre-
quencies were formed by transitions with Ak = +2; with lower frequencies, transitions with Ak = -2 (Fig. 4a). An
analogous progression for transitions n”” = 0 — n’ = 2 was located in the range 300-900 cm™!. Transitions between
states with T = 3 and 4 formed a second progression, the center of which was located at 395.560 em™! and corre-
sponded to transitions with AJ = 0, T7 = 7' = 4, and ¥’ = 0, k¥ = 2. Lines with higher frequencies were formed by
transitions with Ak = +2; with lower ones, with Ak = -2 (Fig. 4b). An analogous progression for transitions n” = 0
— n’ = 2 was located in the range 600-1000 cm ™. The frequency difference of the progression centers was deter-
mined by the following condition (the first index is the n value; the second, T):

(Eys—Egg) — (Ey = Eg) = 105.176 e

Lines of the two progressions were by chance in close proximity (3.531 cmﬁl).

Progressions for transitions n” = 1 — n’ = 2 (center of the first progression located at 351.064 cm_l; of the
second, 441.280 cm_l, difference 91.216 cm_l) were formed analogously. The center of the first progression for tran-
sitions n” = 2 — n’ = 3 was situated at 467.498 cm_l; of the second, 495.047 cm_l, difference 27.549 cm™'. The
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center of the first progression for transitions n” = 3 — n’ = 4 was located at 509.377 cmﬁl; of the second, 518.047
cmﬁl; difference 8.670 cm . Transitions between states with higher n values contributed little to the torsional-rota-
tional Raman spectrum. Figure 4c shows the resulting spectrum. Figure 4d shows a fragment of the torsional-rotational
spectrum that demonstrates the fine structure. Line intensities of the torsional-rotational spectrum were =30 times less
than those of the rotational spectrum.

Obviously the resulting Raman spectrum of H,O, in the long-wavelength region is the sum of the three spec-
tra shown in Figs. 2, 3, and 4c. Lines of the rotational spectrum dominate in the region <200 cm_l; of the torsional-
rotational spectrum, at 200-600 cm . Because lines of the purely torsional spectrum also fall in this region whereas
their intensities are an order of magnitude less, it is improbable that the torsional spectrum of H,O, is observed.

Conclusion. It was found that the structure and transformational properties of the polarizability tensor compo-
nents of H202 in the EMS group G4(EM) allow the formation of purely rotational and torsional in addition to tor-
sional-rotational Raman spectra. This is an important difference from the situation with the IR spectra.

General expressions for calculating Raman line intensities of a symmetric-top non-rigid molecule are obtained
and used to model torsional, rotational, and torsional-rotational Raman spectra of H>O,. The relative intensities of the
various types of Raman spectra are determined mainly by matrix elements of the polarizability tensor components over
torsional functions whereas Raman line intensities in each of the spectra are due mainly to summations of transitions
with identical energy over rotational or torsional quantum numbers.
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