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One hundred and thirty-three new rotational transitions that occur between pairs of
torsional sublevels in the ground vibrational state of hydrogen peroxide have been
measured in the 80 to 700 GHz region of the spectrum. These data, in combination with
the 50 previously measured lines, have been theoretically analyzed to within the ex-
pected experimental uncertainty (<0.1 MHz). The rotational constants for the r = 1. 2
state are (in MHz): A = 301 878.857 + 0.015, B = 26 211.9019 = 0.0059, C = 25 099.1400
+ 0.0059, and for the 7 = 3, 4 state: A = 301 583.825 + 0.075, B = 26 156.337 + 0.13,
C = 25 185.771 = 0.13. The splitting between the torsional levels is 342 885.03 + 0.05.
These measurements and analysis accurately characterize the nine branches that make
substantial contributions in the spectral region below 700 GHz.

INTRODUCTION

Hydrogen peroxide occurs commonly in a variety of important physical and
chemical systems including those associated with upper atmospheric and
combustion processes. It is the simplest molecule that can execute torsional
motion, and as a light asymmetric rotor has substantial centrifugal distortion
contributions to its rotational-torsional spectrum. The millimeter and sub-
millimeter studies reported here provide both fundamental spectroscopic informa-
tion and data important for remote sensing and atmospheric transmission
calculations.

A number of infrared and far-infrared studies of HOOH have been reported
(/-4) and provide a framework for the analysis and interpretation of the work
reported here. Massey and his co-workers (5, 6) have reported the measurement
and assignment of two lines in the microwave region, and Oelfke and Gordy (7)
have published a study based upon 50 millimeter-wave transitions. The com-
plexity of this spectrum has precluded an accurate, self-consistent analysis of
these data.

This work reports the measurement of 133 new rotation—torsion lines between
80 and 700 GHz, the assignment of four previously unassigned lines of Oelfke
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(8), corrections to four previously measured microwave and millimeter-wave
lines, measurement of three new branches and the substantial extension of six
others, and the first analysis of this data to within experimental uncertainty
(~0.1 MHz) in the context of an accurate, compact asymmetric rotor formalism.

EXPERIMENTAL DETAILS

We have discussed our general experimental techniques previously (9).
For this work, the sample cell was a 1-m-long, 2.5-cm-diameter copper pipe
with teflon windows. The interior of the pipe was coated with clear Krylon to
inhibit chemical decomposition. Typical sample pressure was 0.020 Torr. Except
for eight weakly absorbing lines, all data were measured in real time on an
oscilloscope.

SPECTRUM AND ENERGY LEVELS

Structurally, HOOH is similar to HSSH, whose microwave spectrum has been
extensively studied by Winnewisser and co-workers (/0-13). An extensive set
of high-accuracy data was obtained and carefully analyzed. However, two
spectroscopic differences are significant and complicate the HOOH problem:
(1) The barriers to internal rotation in HSSH are substantially higher, thereby
effectively removing internal rotation effects from consideration, and (2) HSSH is
almost exactly an accidental symmetric top (k = —0.99996).

HOOH should be considered as a member of a more general class of molecules
in which low-lying vibrational modes (e.g., inversions, internal rotations,
low-lying bends, etc.) interact with rotational energy level structures and spectra.
In many ways the species that most closely resemble HOOH spectroscopically
are NH,D and ND,H (/4). All are light asymmetric rotors and as such require
a careful centrifugal distortion treatment. In addition, the inversion barrier of the
ammonia species produces a splitting similar to, but smaller than, the torsional
splittings in HOOH.

Figure 1 shows that HOOH has a high cis barrier to internal rotation and a
much lower trans barrier (4). As a result, the fourfold degeneracy of the lowest
torsional state (n = 0) is broken and a doublet of doublets occurs, the smaller
splitting determined by the high cis barrier and the larger splitting by the lower
trans barrier. These four sublevels are designated + = 1, 2, 3, 4 in order of
increasing energy. Because of symmetry conditions associated with the torsional
motion, rotational states are distributed among the four torsional states accord-
ing to the evenness or oddness of the K _; rotational quantum number (4). These
assignments are also shown in Fig. 1.

The selection rules can be obtained from a consideration of the matrix elements
of the electric dipole moment, which for HOOH lies along the ¢ axis. Its com-
ponent along a space fixed Z axis is

Mz = (bZ(fl‘l‘(" ' (1)
where @, is the direction cosine. The matrix elements are

(J K-, K7 | pz | I3, KL K1) = (Ko, Ky | s [T KL KD e | 7)), ()
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FiG. 1. Torsional potential and symmetry labeling of HOOH.

where J, K_,, and K, specify the rotational state, and 7 specifies the torsional
state. The matrix elements of the direction cosine give rise to the usual c-type
asymmetric rotor selection rules, while the matrix elements of the body fixed
dipole moment represent restrictions on transitions between torsional levels. These
restrictions can be determined from a consideration of the symmetry properties,
shown in Fig. 1, of the torsional wave functions. Because o;; does not change
the sign of w., while oy4,s does, (T“LP‘T') can be nonzero only for transitions
for which both

O trans: s < a’; a<s',
Ocist s <5’ a<a'.
From Fig. 1, the selection rules become
T 1 & 3; 2 < 4,

As a consequence, under the zeroth-order assumption that the rotational con-
stants in all four states are identical and that r,, and 75, are degenerate, two
complete sets of c-type asymmetric rotor transitions exist; one offset by the
torsional splitting (~340 GHz) to higher frequency and the other offset by a
similar amount to lower frequency. Figure 2 shows a FORTRAT diagram of the
observed data points. Table I records these data in tabular form.

\J > '/‘,/‘/ + RQ|(U)
x — o
.

x _ |
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Fi1G. 2. FORTRAT diagram of the observed branches of HOOH.
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TABLE I
Observed Transitions of HOOH (MHz)

PQ Eranch Transitions RR Branch Transitions
1 0
Transition Frequency Transition Frequency
T =2 T 4 Observed T =2 T 4
_ 37 945 79 \ A yb
111 101 57 245, 73 ]lo - (’OO 14 829. ,)b
9 - ) 18 985 5 a7 €17 @
219 200 58 385,02 2y - ]Ol 37 517.6
213 - 303 70 090. 22 310 - 202 Y0 365. 32
4, - 104 72 356. 40 413 - 303 143 712, 66
515 - 90 7 177,43 [)14 - 404 197 561. 30
Glij - 606 78 545. 43 51R - 5},05 251 914. 71
- 82 45 54 A 308 777
717 707 82 450. 84 71*’5 - o6 308 777.58
518 - 608 86 882. 75 8., - o7 3682 158.21
- 9 a1 8 ) 28 49
919 %09 ;. 835 80 918 - 808 413 038. 43
1090 = 1014 7 211{-01‘ 10, - 9y 474 493. 48
11111 - 11011 103 208. 59 11110 - 10ClO 531 471. 83
12195 = 1249 109 599. 98 1200 - 11y, 589 0C5. 83
13113 - 13013 116 444. 45
Y194 - Lo14 123 718.95 P Eranch Transitions
1511; - 15015 131 398.11 1
18y - 18514 139 459. 44 Traasition Freguency
17117 - 17017 147 882.98 s s Lo
15118 - 18015 156 842. 42 ) N ) I
19 - 138 185 712.17 02 10 - T
119 019 3 2 219 166, 86
20 - 20 175 066. 56 03 11 eo.
120 020 4 - 3 268 961, 17
21 - 21 184 679. 22 04 12 !
121 021 5.. - 4 318 222. 52
22 - 22 194 523. 88 05 13
122 022 8 - 5 366 940, 43
23 - 23,54 204 574.70 06 14
123 023 7 - 8 415 102, 33
24 - 24 214 805. 95 07 15
124 024 8 - 7 482 693. 96
25125 - 25023 225 193. 00 08 16 A
. i Y08 - 817 509 699.93
26126 - 2602‘5 235 712.18 10010 - 91 (556 103. 43)
Mgy = 2oy 24834139 gy - 10 301 885. 28
28‘28 - 28028 257 09, 57
-9 R .
29129 u9029 267 848. 56
3013[ - JOOBO 278 891.28
31131 - 41031 289 573. 70
34132 - 82032 300 483.98
.35133 - BJOBB 311 412. 37
34134 - 34034 322 352. 51
35135 T 3 333 300. 02 .
36136 - JD‘OBG (344 253.47)
37137 - 3703/, 355 213. 25

3. Numbers in parenthesis are calculated from the constants of Table T1.

b. From ref. 5.

ANALYSIS OF THE SPECTRUM

Prior work has emphasized the roll of torsional motion, with lesser consideration
of the effects of molecular asymmetry and centrifugal distortion. This has been
because infrared and far-infrared spectroscopy directly observes the most im-
portant manifestation of this motion, the torsional splittings. Because of the
lower resolution of these techniques, the experimental data could be analyzed
without recourse to detailed asymmetric rotor theory. However, in the millimeter
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TABLE I—Continued

Rp Branch Transitions Ry (Upper) Brancn Transitions
0] 1
Transition Irequency Transition Freguency
=1 =3 L =3 r=1
202 - 110 516 869, 31 313 -
803 - 211 468 379,11 -114 -
- 2 8815 5 )
404 39 418 813. 58 515 -
%5 - i3 b1 -
3 - 5 7 -
08 14 17
‘o7 T “15 8 -
-7 g -
13 “1e
- 8, 8 -
éf “110
- e Mg -
- My 2119 -
- 11, 13,
RES! Y -
ML Iy -
- 14 14 -
“115 7118
Tt Y7 -
T 118
- 17 . 1¢ - £ 0 7
1,11“ 1944 15217 402 718.2
T g 20,50 - 185, 44471593
- 18, 25, - 205,  485212.83
- 20
- 21120 RQ (Upper)Branch Transitions
B 1
T P
- 23129 Transition Frequency
=1 T =3
R (Lower) Branch Transitions _ 487 90
P, 299 2,5 487 202, 04
3. - 3 435 518, 11
Transition Ifreguency 2t 13 o -
—_— 422 - ’«114 490 282, 71
T =23 T =1 :23 - 1 492 513,18
c Ao an 8 - [ 495 223.2
- 2o 328 949. 38 ¢ b15 e ZZP' =
S 275 839, 63 2% T 17 498 430.80
_ oo 526 - dlo 502 157,04
_ Sos 04 97 - 915 08 426, 02
~ ) - G 5 6] g
-y, 01 L0og 110 Pl 2sad
S 72) gy - 11;,, 51870235
R o 5 299 779
- 8 5.33) 14210 1“112 522 772. 00
S 391, - 13 528 508. 26
-8, 17) o1y 85 52050625
- 1 536 048,08
-0, g7 Hyry 4., 53694396
_ 1:29 99 1'3213 - 1111: o4 133. 8
- 12213 Si; 16214 - 15115 (504 103. 83)
- 1.32:1 .38 A7215 - ].71:7 563 903. 81
- 14212 .21 18216 - 18118 (574 £78.23)
- ! 88, 03 g - 586 173, 3%
?‘213 .0 1J217 19119 086 173, 3¢
- ;6214 .90 20218 - 20123 (598 735. 42)
- 7 - a )
11215 35 21?19 21121 812 312.12

and submillimeter spectral region, the rolls played by rotation and centrifugal

distortion become dominant.
As discussed above, the spectrum of HOOH is that of a slightly asymmetric

rotor that simultaneously undergoes both a torsional and a rotational transition.
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TABLE I—Continued

r{:]‘ (T.ower) Branch Transitions KQO Branch Transitions
Transition Frequency Transitlion Irequency
T -1 T -3 -1 -3
for T <02 Iy - I
See - 43 20 = %
o3 T 25 S03 7 P
bo. - 21 44 - 4, 14 39¢. 80
o - 80 55 - 9y 512 235, 46
Tos - 00 e - Pqg 809 670. 35
SR .82 Tor = 4o 808 717. 52
Sgy - 50 T 603 394.93
10, - 85 9 -~ Y1e 599 723. 68
53 105, - 10, 505 728. 87
15, - 1y 501 430, 62
200 - 1299 586 863. 36
02 13013 - 18113 582 065.95
17 Uge - 14 577 041.59
7 Yot = s
Yog = 116
Vierr = g
90 By18 = 8118
84 g - 99
28 990 = 2P190
00 Aggr = 2ligy
29 2oge = P99
o7 %05~ 28192
30 200, 2404
“; 220?e; 3212‘3
o 9‘/0?6 ) 9;125
<027 “'127
© 205 = 28193
o Woog = 2994
31 0550 = 015 (500 752.77)
J4 51 - gy 498 236. 38
00 350 - 32449 (496 179. 70)

144 595, 60

We find that it is possible to fit all 183 microwave transitions to within their
experimental uncertainty (~0.1 MHz) with the Hamiltonian

H = Hrot + Htors (3)

Hr()t:AP§+BP§+CP§_ A.1P4_ AJKP2P§ - AKP§_26JP2(P§«_ 3)
— 8k[PUP% — P%) + (P% — P})P:] + H,P° + H PP}
+ Hy,P*Pi + h;xP?[PYP% — P3) + (P} — P)P:], (4)

Hy = a(O)P% + V(0). &)
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TABLE 11

Rotational Constants (MHz)

r=1,2 I S S
value T value T
A 301 878.857 0.015 301 583.825 0.076
B 26 211.9019  0.0059 26 156,337 0.13
C 25 099.1400  0.00H9 25 185. 771 0.13
AJ(- 100) 0.105277  0.000013 0.099620 0.000053
AJK(' 101) 0.112497  0.000027 0.127304 0.0018
80 10%) 0. 132000 a 0. 132000 2
5, ( 10'3) -0.2618 0.0139 1.042 0.051
5K(- 101) 0.947345  0.00023 0. 679089  0.0066
H,(-107) -0.32 0.19 2.053 0.24
HTK(' 10_3) 0. 37095 0. 00092 0.2072 0.0071
AT . 1224 0.018
HKJ( 10— ) 0 : 4
h.(-10°7) 0.168 0. 009 0. 46647 C. 047
JK
rms 0.119 0.106
number of
independent
data points 71 96
W 342 885.03

a. Value fixed from infrared data.

The rotational part of this Hamiltonian is the usual Watson (/5) formulation of
the asymmetric rotor centrifugal distortion problem. Although fundamental
formulations of the problem indicate the existence (if not the magnitude) of
rotational—torsional cross terms, we conclude that contributions from these are
either negligibly small or highly correlated with contributions from terms of our
Hamiltonian. As a result, the torsional Hamiltonian is diagonal and simply
contributes a torsional energy, W.

For the purposes of analysis, we assume (the implications of and reasons for
this assumption are discussed below) that the rotational constants in the states
7 = 1, 2 are identical, and we make the same assumption for the states 7 = 3, 4.
However, because the constants in 7 = 1, 2 differ from those in 7 = 3, 4, we have
adopted an analysis technique similar to that commonly used for the analysis of
infrared vibration—rotation spectra. Ground state (7 = 1, 2) combination differ-
ences are produced by subtraction between the *Q,/’R,, *R/*Q,, *P,(L)/"P,,
kQ,(L)/FP (L), *Q,(U)/*P(U), and *Q,(U)/*Q, branches, which have common
upper-state energy levels. An asymmetric rotor distortion analysis is then per-
formed on these data and the rotational constants that result from this analysis
are shown in Table II. The energy levels which result from this analysis and all
of the experimental data are combined to produce energy levels in the 7 = 3, 4
state. The result of a centrifugal distortion analysis of these states is also shown
in Table II. We find the vibrational splitting between 7 = 1, 2 and 7 = 3, 4 to be
W = 342 885.03 MHz (11.437412 cm™}).
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TABLE III

Comparisons with Earlier Results (MHz)

T =1,2
this work reference 7 reference 3 reference4
value J value g value g value
A 301 878,86 0.02 301 870.1 2.8 301 831 150 301 633
=) 26 211,902 0.008 26 205.1 2.1 26 202 40 26 208
C 25 096. 140 0.008 25119.1 2.1 25135 40 25 200
i 0. 10528 0. 00001 0.1186 0.02 0.1349 ---
B 1.1250 0. 0003 3.14 0.3 -0. 60 -
By ——- ———— 22 13
T =3,4
this work reference 7 reference 3 reference4
value g value J value a value
A 301 583.83 0.08 301 586.4 2.8 301 831 150 301 453
B 26 156.34 0.13 26 150.3 2.1 26 202 40 26 148
C 25185.77 C.13 25197.1 2.1 25135 40 25 261
by 0. 08962 0. 00005 0.115 0.02 0.1349 ---
By 1.27 0.02 -2.42 0.3 -0. 60 ---
J
A‘F ——— ——— 22 13
this work reference 7 reference 3 reference4
value g value g value g value
W3 4-W12 342 885.03 0.05 342 885.0 2.0 342 963 342 663

It is difficult to make meaningful comparisons between analyses based upon
different theoretical formulations. In such cases, it is best simply to compare
coefficients of operators and to bypass issues associated with the physical
significance of these constants. Hunt ez al. (4) and Gordy and Oelfke (7) report
B, v, and vy rather than A, B, and C. For comparison, we have used

B=12B + C),
v=A - 12B + C),
vy = 1/2(B - C).

Table IIT shows this comparison, but only includes the lower-order terms for
which values were derived in the earlier work. In general the agreement among
the rotational constants and torsional splitting is satisfactory although the more
recent results are much more accurate. Substantial differences exist among the
distortion terms, especially A . In the infrared studies, the expected effects are
small in comparison to measurement uncertainties and in the earlier microwave
studies the data set available, although highly accurate, was limited.
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TABLE IV
Comparison of Rotational Constants in 7 = [ and 7 = 2
T = 1,2 Analysis T_= 2 Analysis 7 =1 Analysis
value a value a value o

A 301 878. 857 0.015 302 131.515 217.5 301 878. 854 0.007
26 211.902 0.007 26 211.902 0.003 26 211.901 0. 0006
C ‘25 099. 140 0.007 25092141 0.003 25 099.140 0. 0006

o

DISCUSSION

We have assumed that the rotational constantsin7 = 1 and 7 = 2 are the same.
The exceptionally good combination difference fit of our large data set indicates
this to be true. However, careful inspection of the structure of the analysis
shows that A could vary substantially between 7 = 1 and + = 2 without leading
to excessive rms deviation in the fit. As discussed above, only K_, even exists
in 7 = 1 and only K_, odd exists in 7 = 2. Thus for 7 = I, we only have data
for which K_; = 0, 2. Because H,O, is a near prolate rotor, information about
spectral constants that are coefficients of P2 operators (i.e., A, Ag, Hg . . .)
comes primarily from data for which K_, changes. Thus, 7 = 1 determines a
value for A. In 7 = 2, we only have K_, = 1 data, and consequently no strong
information on A. Although it is true that the K_, = 1 splittings provide informa-
tion about A in the 7 = 2 state, the uncertainty in any resulting value would be
much greater than any expected differences.

As a test we have analyzed the 7 = 1 and 7 = 2 combination differences
separately, and relevant results are listed in Table IV. For purposes of compari-
son, the results of the full r = 1, 2 analysis are repeated from Table II. For
each of the other analyses, all distortion constants were fixed at the values of
Table 11. As expected, in the analysis of 7 = 2, A is not well determined, but does
overlap our value to within 20 However, both B and C are well determined and
agree with both the results of the combined 7 = 1,2 analysis and the 7 = 1 analysis
to parts in 10°. Similar arguments and results exist for the r = 3 and = 4 states.

The consistency between the P* distortion constants of + = I,2and 7 = 3, 4
is also gratifying. This is especially so because the spectral information included
in the two analyses is very different. The notable exception to this good agree-
ment is §,, but it is highly correlated with several other constants and its value
is very sensitive to choice of Hamiltonian terms.

A related issue is that of A. Although with data in the K_, = 0, 1, 2 states
of 7 =1, 2 it would appear that both A and Ak could be calculated from the
data, this is not possible because we have no information about Ex —o—Ex_ -1
Thus the value of Ay is fixed at the value of Ref. (4).

We have also assumed that the torsional splitting between 7 = 1 and = = 3 is
equal to the splitting between 7 = 2 and + = 4. As discussed above, r = 3 con-
tains data for which K_, = 1 and 7 = 4 contains data for which K_, =0. The
difference between the energies of these states determines A. If a splitting AW
were assumed, it would simply change the value of A by A’ = A + AW.
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TABLE V

Expansion Coefficients for the Q Branch Transitions

p R. () R. (L) R
Q Q Q Q,
Xy 066675539 x 10° 0.48589707 x 10° 0. 48589703 x 10° 0.61878441 x 10°
. )
X, 0.28534499 x 10° 0.21674200 x 10° - 0.25470273 x 10° - 0. 22155037 x 10°
2 0

X -0.64955141 x 1071 0.12648275 x 10°  0.57333704 x 10°2 0. 10824466 x 10

3

-0.22323518 x 10°°  0.18942850 x 1077 0.40466322 x 107"

Xg -0.38183723 x 107

¥, 0.10418110x 1077 -0.10900343 x 107 0.11334722 x 1070 -0.15445320 x 107
Xy -0.29522169x 1071 0.0 -0.35504443 x 10715 0.37832942 x 10”11
Xg 0.24197045x 107 0.0 -0. 46904855 x 10717 0. 86669986 x 1071°

APPENDIX
Empirical Characterization of the Microwave Spectrum

In order to aid utilization of the data presented in this work, we have developed
a power series representation for the frequencies of each branch. The functional
forms of the expansions were obtained by approximating the molecule as a rigid,
slightly asymmetric rotor.

All Q branches were fit with a power series of the form

FU) =Xo + X JU + 1) + XoJ%J + 12+ X J3J + 1)
+ XJH D+ XU+ D+ XIS+ 1)

and the resulting coefficients are shown in Table V.
For the P and R branch transitions a power series of the form

fU) =X+ X J + XoJ? + X2 + XJ + X J° 4+ XeJS

was used and the coefficients are shown in Table VI.

TABLE VI

Expansion Coefficients for the P and R Branch Transitions

P R R R R

Ry Ry Py P(w P, (L)

X, 0.66675330 x10°  -0.66673097 x 10°  0.61877906 x 10° 0.48589794 x 10° 0. 48590642 x 10°

X, 0.51504239 x10°  0.51500030 x 10°  -0.51656174 x 10°  -0.51086247 x 10°  -0.51664556 x 10°

X, -0.25194343x10°  0.25470507 x 10°  0.24818775 x 10° 0.21728078 x 10°  -0. 25247593 x 10°

X, -0.68565273x 10°  -0.12920792x 10'  0.10711691 x 10" 0.42018117 x 10°  -0. 10944739 x 10°

X, -0.63455543x 1071  0.14714002x10°  0.70003528x 1071 0.82002655x 1072 0.1497799% x 10°

X, 0 -0.49850270 x 1072 0.19754087 x 10°%  -0. 15281750 x 107> -0. 54692304 x 10™°
X 0 0.11485412 x 10°° -0, 48199598 x 10~ 0 0

@
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Over the range of the experimental data, these expressions are accurate to

<1 MHz and are substantially more straightforward to use than the theoretical
formalism presented in the main body of this paper.
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