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Abstract—A systernatic investigation has been carried out of the vibrational speotra of the
hydrogen peroxide crystal and its deuterated analogue, using both i.r. and Raman spectroscopy,
over the range 4000-50 emt, Mixtures of the two isotopic species up to approximately 959
deuteration were also studied to identify the fundamentals of the hybrid molecule, HDO,.
Single erystals of hydrogen peroxide criented slong two of the three crystallographic axes
were examined in the Raman effect with polarized laser light. The O—H stretching bands are
remarkably narrow in the Ramen spectra: Av(}) = 20 em™ at --193°C compared with about
80 em™ in the i.r, Nearly all the O—H stretching components predicted by the factor group
analysis were observed but a satisfactory identification of all components of the OOH deforma-
tion modes could not be achieved. The O—O stretching frequency in DyO, (872 cm™?) is
slightly higher than in H,0, (871 cm™} contrary to expectations. The hydrogen bonds in the
H,0, crystal appear somewhat less strong (by about 10-15 }7) than those in ice,

A normal cocordinate analysis of the unit cell modes proved to be of considerable value in
the assignment of observed frequencies. The values of the eleven principal force constants
and the twenty interaction constants used to fit the 59 assigned frequencies appear reasonable
and are comperable with values found for other hydrogen bonded systems.

INTRODUCTION

TEE EYDROGEN peroxide molecule has always been of special interest since it is the
simplest molecule featuring internal rotation about a single bond . The dynamics of
the H,0, crystal equally deserve attention in connection with the closely related
and important problem of ice. A number of structural and spectroscopic investi-
gations have been reported since the early Raman and i.r. work of the authors [1, 2].
Degpite these various investigations, several unanswered questions remain. In
particular, observation and assignments of the OH bending modes are still in an
unsatisfactory state and no clear distinction has been made between bands arising
from the internal rotation mode of the molecules and one of the external librational
motions of the molecules in the crystal lattice. Many of the existing data have been
taken at different temperatures and correlation of the results of different workers is
difficult due to a significant but undetermined temperature effect on frequencies.
In the present work, the existing data have been extended to include both i.r.
and Raman results on the isotopie species D,0,. In addition, polarization results

[1] R. C. Tavvror, J. Chem. Phys. 18, 898 (1950),
[2] O. BAx and P. A. GioUuERE, Can, J. Chem. 38, 527 (1956).
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from the Raman spectra of single crystal hydrogen peroxide [3] have been extended
using laser excitation. The isotape dilution technique was applied in an attempt to
identify the various crystal field effects and to ascertain the fundamental vibrations
of the mixed HDO, species. All available data were then used in earrying out a
normal coordinate analysis of the spectrum of the crystal. This work was nearly
completed when a recent paper by Lanwon et al, [4] came to our attention. Their
data on the i.r. spectra of H,0, and D,0, in the region of the fundamentals are
essentially the same as ours, but there are some differences in interpretation.

EXPERIMENTAL

Pure anhydrous hydrogen peroxide was prepared by fractional distillation under
reduced pressure of a 90 %, commercial solution (Buffalo Electro-Chemical Co.). The
residual water content, some 0.5 %, was removed in the mother liquor from a large
single crystal as described previously [5]. Deuterium peroxide was produced by the
electrical discharge method [6] from heavy water of 99.5% D content. Repeated
fractional distillation raised the peroxide concentration from about 60 to 98-99 per
cent. Because of the very rapid isotopic exchange [7] with water absorbed on the
walls of the glass vessels it was not possible to retain the initial high isotopic purity.
The average hydrogen contamination in the final sample was of the order of 5 per
cent, judging from the intensity of the residual OH bands at 3 4 in the i.r. These
bands, which at times have erroneously been assigned to combination modes of the
D,0, molecule, are also present in the recently published i.r. spectra of the crystalline
peroxides [4]. This small isotopie contamination does not significantly alter the
spectrum of the major component judged by the reciprocal case of H,0, slightly
contaminated by D,0,.

For the i.r. studies, the samples were prepared by condensation of the vapor on
a dise of Irtran-6 (Eastman Kodak Co.) cooled to liquid nitrogen temperatures in an
evacuated glass cell fitted with CsBr windows. Alkali halides cannot be used to
support the peroxide films because of a tendency to react slowly at temperatures
above —120°, presumably forming peroxyhydrates analogous to the addition com-
pound, KF.H,0, [8]. The fundamental frequencies of hydrogen peroxide deposited
on alkali halide supports are quite different from those of the pure crystal [4].
Deposition of hydrogen peroxide from the vapor on a substrate at liquid nitrogen
temperatures invariably produces a vitreous phase and the film must be warmed to
initiate crystallization. This was observed to begin at about —120° with the
appearance of tiny rosette-shaped centers that grew slowly upon gradual warming
up to about —80° at which point they covered the whole window with a powdery
appearing film. For a homogeneous sample the temperatures had to be uniform

[3] R. C. TavLoR, Bymposium on Molecular Structure and Spectroscopy. Columbus, Ohio,
in Spectrochim. Acta 10, 222 (1957).

[4] J. A. Lanwon, F. D. VerperaMeE and R. W. ANDERSON, JR., J. Qhem. Phys, 54, 2212
(1971).

[5] P. A, GiguirE, Bull, Sec. Ohim. France 720 (1954).

[6] P. A, Gicudre, B, A. SEcco and R. 8. EaTon, Discuse. Faraday Soc. 14, 104 (1953).

(7] M. ANBaR, A. LOEWENSTEIN and 8. MEiBooM, J. Am. Chem. Soc. 80, 2630 (1958).

[8] P. A. GiauRez and HiLENE RoYy, Rev. Chim. Min. 7, 1053 (1970).
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across the entire window. Otherwise some phase segregation remained, as revealed
by the spectra.

One point which must be stressed here is the difficulty of getting absolutely pure
hydrogen peroxide samples for i.r. study. Although an essentially anhydrous
(approaching 99.97 %) [5] product can be prepared by repeated fractional crystailiza-
tion, the technique of deposition from the vapor invariably introduces some slight
catalytic decomposition on the walls of the vacuwm system and sbsorption cell.
Since water is more volatile than hydrogen peroxide, it condenses preferentially on
the cold window. Upon crystallization of the vitreous film traces of the dihydrate
are formed which have their own characteristic frequencies [9, 10].

In contrast to the i.r. case, samples for Raman studies can be prepared as essen-
tially anhydrous material in the form of single crystals. The early data discussed in
Ref. [3] were obtained from large single erystals approximately 10 mm in dia. and
10-12 c¢m long. These were grown by the Stockbarger method in which a Pyrex cell
containing 99.8 % + peroxide was lowered through a sharp temperature gradient at
a rate of about 2 mm per hour. The apparatus was maintained in a cold room at a
constant temperature of —10°, Crystallization was induced by touching the tip of
the capillary at the end of the cell with dry ice or liquid nitrogen. Since the prefer-
ential growth direction of the crystal is along the z-axis of the tetragonal unit cell,
the single crystal which eventually resulted usually was oriented with its z-axis
parallel to the axis of the tube. When about 80 per cent of the material had crystal-
lized, the supernatant liquid was removed with a pipette leaving a perfectly flat and
clear upper surface to the crystal through which the scattered light could be observed.
Before examination, the crystal was checked optically for proper orientation.

For the polarization measurements with the laser light source, the sample tube
was a capillary some 3 mm in dia. with its end drawn out to a fine tip. Single
crystals were grown similarly to the larger ones by lowering the cell, once crystal-
lization had been initiated at the tip, into a liquid bath at about —&° at a rate of
3-4 mm per hr. Specimens having gas bubbles, poor orientations or other faults
were discarded. These single crystals were never cooled below —30° to avoid
cracking. For the Raman spectra, the single crystals were mounted coaxially inside
a vacuum jacketed cell through which cooled dry nitrogen gas was circulated. In
the case of the capillary sample, the single crystal could be rotated about its long
axis by means of ground joint (Fig. 1).

Infrared spectra were recorded with a Perkin-Elmer Model 621 spectrometer.
The Raman spectra of the larger erystals at —10° were obtained photographically
using a helical Toronto Hg arc source and a (Gaertner spectrograph with appropriate
filtering of the exciting light. Polarization data were obtained using Polaroid
cylinders. The more detailed polarization results on the smaller crystals were
obtained with the 4880 A line of an argon ion laser (Coherent Radiation Model 52),
a Spex double monochromator (Model 14-II) and an ITT FW-130 photomultiplier.
A quartz polarizer {Ednolite) and scrambler were used in the polarization measure-
ments. For the stronger, sharper bands in both spectra, estimated uncertainties in

(9] P. A, Giaurz and K, B. Harviy, J. Mol. Spectry. 8, 36 (1958).
[10] J. L. Arvav and P. A. Giovine, Can. J. Spectry. 17, 121 (1972).
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Cold N>

Fig. 1. Low temperature cell for the Raman spectra of oriented single crystals
of H,0,.

frequency are of the order of 1 em—! with somewhat higher values for the weaker and
more diffuse bands.
REesuLTs

The i.r. spectra of crystalline hydrogen peroxide are not reproduced here since no
significant differencos were found with those published previously [9]. The same is
true of the far i.r. spectra of the two isotopic peroxides [11]. In the fundamental
region, however, the present frequencies for D,0, (Table 1) are more accurate than
the previous ones. As expected, the isotopic mixtures revealed several new features
of interest (Table 2, Fig. 2). The concentrations of each of the three isotopic species
shown in Table 3 were estimated from the bulk composition (by weighing) of the
mixtures assuming an equilibrium constant of 4 for the exchange reaction.

Raman spectra were recorded only for the H,0, and D,0, crystals (Figs. 3 and
4). The isotopic dilution experiments could not be expected to add much significant
information because of the number of active components, especially for the OH (or
OD) stretching modes. However, the isotopic contamination in the D,0, sample
revealed the single OH stretching band of the hybrid species at 3236 em~1, the same
frequency as in the ir. spectrum. Likewise, the Raman spectrum of a crystal
containing 5% of D,0, in H,0, showed the OD stretching of the hybrid molecule at
exactly the same frequency as in the i.r. The polarized Raman spectra of the single
H,0, erystal shown in Figs. 5 and ¢ are identified according to the notation of Damex
et ol. [12]. Only the spectra corresponding to the following components of the
polarizability tensor could be obtained: o, a,,, «,, and «,,. Unfortunately, the
small crystals could not be studied by illumination along the major (0z) axis of the
erystal since this required cutting off the tip of the capillary. When this was tried,
apparently the broken end of the erystal partly depolarized the laser light,

Discvrssiox oF ASSIGNMENTS

Since the crystal structure of hydrogen peroxide is known from diffraction
studies [13, 14], the vibrational spectrum of the crystal can be interpreted in terms

[11] P. A. GiouERrE and C. Caarapos, Spectrochim. Acita 22, 1131 (1966).

[12] T. C. DaMEN, 8. P. 8. Porto and 8. B. TELL, Phys. Rev. 142, 570 (1966).
[13] 8. C. ABranams, R. L. Coorivy and W, M, Lirscoms, Acta Oryst. 4, 15 (1951).
[14] W. R. Busive and H. A, Levy, J. Chem. Phys. 42, 3054 (1965).
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Table 1. Principal bands in the i.r. and Raman spectra of crystalline HyOy and D,0, (em™)

H;0, Dy0,
Raman Infrared Raman Infrared
263°K 0°K 4K
. L130°K BO°K ¥ + 180°K BO°K 90°K 90°K
3332 3315 3304 2487 2455 ¥,(By)
3317 3296 3286 3292 3235 ~24556 2440 2439 2530 ¥, {E)
3228 3208 2406 2391 (B}
3229 3208 3187 3182 3175 2390 2376 2375 2400 vs{E)
3198 3118 2165 2371 2363 v, {4
~ 2350 V;(Ag)
2825 ~2840 ~2830 2840 2840 ~2080 ~2390 2090 2100 Py + Vg
2746 ~2760 ~2760 2745 ~2042 2040 2041 2050 20,
1410 1418 1421 1035 1038 1065 va{4,, E)
1410 1410 1048 1070 vol(Az)
1377 1388 1385 1885 1390 1021 1023 1024 1030 v,(B,). ve(E, By)
1332 1346 290 950 {866 1 650)
(486 + 514)
880 881 881 886 8380 882 882 882 880 Va(Au By, E)
809 815 {151 - 6901)
704 720 742 530 553 pa(d,)
890 885 591 585 (E)
656 861 514 Bl (B, 447
486 482 .
600 819 637 456 467 r4(B,)
289 303 317 1 289 302 (By)
281 264 {87 -+ 186)
257 267 278 250 240 (87 + 195)
245 254 264 258 238 248 244  (E)
238 230 (4,)
207 2156 2256 219 208 216 216 (E)
182 189 196 192 179 184 188 (Az)
143 154 161 145 154 (By)
146 1562 151 149 148 (E}
114 126 131 122 127 (Ay)
109 105 (4y)
78 84 87 82 84 (By)
* Ref. [3].
1 Ref. [9].
1 Ref. [11].

of group theory under the factor group approximation. In the construction of the
correlation diagram, some confusion arises over the question of whether the molec-
ular C,-axis should be identified with the {," or the C,"-axis of the D, unit cell
group. Character tables in most standard references [15] are of no direct help in this
question since the orientations of the C,-axes with respect to the coordinate frame of
reference are not specified (see, however, Ref. [16]). The ambiguity can be resolved
by examining the transformation properties of the polarizability components. When
this is done, it is found that the molecular C,-axis must be identified with the
diagonal C,"-axis of the unit cell gronp leading to the correlation diagram shown
in Fig. 7. This diagram differs from that used by MiLLEr and Horxie [17] and

{15] E. B. WiLson, Jr., P. C. Cross and J. C. Drcros, Molecular Vibrations, McGraw-Hill,

New York {1955},
[16] L. L. BovyyLE, Acta Cryst. A27, 76 (1071).
[17] R. L. MiLren and D. F. Hor¥iq, J. Chem. Phys. 34, 265 (1061).
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Table 2. Infrared spectra of mixed erystals of H,0,~-D,0, {frequencies in em™1)

Assignments A®* B o] D B F Assignments
Yout ~3400 ¢h 3400sh  ~3400w ~3400 w ~3306w  ~3300vw »OH(HDO)Y
¥y 3286 & 275 w ~ 3265 sh ~3266 sh. 3255 sh _ y(0H...0H)}

—_ ~3220 (1) {~3215 sh { 3236 sh {3236 vs [3236 m vOH(HDG,)
vy 3188 ve 3190 vs 3185 vs ~3210 vs 3208 sh 3208 sh v(OH...O0H)-
3000 vw? — _— — ~3120 vwr 3120 w yOH(HDO)
vy + ¥ 2847 w 2847 w ~2840 vw ~~2840 vs ~2850 vs ~2850 va ?
vy 2746 w 2746 w 2746 w 2754w 2764w 2764 w MOH(H.DO,)
—_ —_ — ~2520 vw ~~2530 3 26278 »0D}
+OH{HDO)* 2500 vw
»(OD ...0D}+ — 2408 sh ~2415 sh 24208 24288 24308 ¥4
rOD(HDQ;) 2396 m 23088 ~2380 8
(0D ,.,0D)— — 2377 sh {~2370 sh 2376 vs 2375 v 2376 va vy
— . — — — ~2350sh  pOD+
+QH(HDO)* 2300 vw 2300 vw — — ~~2300 gh —
? ~2080 vw ~2080 vw ~2080 gh ~2090 gk . ~~2090sh ~2090 sh 3+ ¥
250H{HDO,) ~2040 vw ~2045 w 2048 w 2047 w 2044 w 2041 w 2v,
_ —_ —_— 1460 sh 1460 vw 1460 vw  G(HDO)
1400y m 1405 m 1410 sh ~1410 8h ~1410 sh
s — ’ — — 1397m 1397 m {1397 w  SOH(HDO,)
1386/ m 1385 m ~1380 m ~1885 sh ~ 1385 sh 1386 8h?  270H(HDO,)!
2vy 1330 w 1330 w 1330w
_ — — ~1200 w 1200 w — 1,{D,0}}
— — 1085 vw? 1096 vw 1096 vw  ~~2000 vw
— — —_ ~10685 ah ~1065 sh 1066 sh
SOD{HDO,) 1048 w 1049 m 1048 m 1049 m 1049 m 1048 m
2:0D(HDO,) 1019 vw 1019w 1018 w ~1020 sh {1025 sh 1024w et
— — _ —_ 980 vw 891 vw 2y,
¥y 881 881 881.5 882m 882 m 882 m ¥y
800 sh 800 sh 800 sh 800sh ¥ (HDO)tt
760 sh 760 788 vw v, (HDO)}
7y (H\Oy) 804 w 798 w 770 !740 w {~’140 W
.7 687 m 6808 695 sh 704m 703 w [ 705 w TOH(HDQ,)
— — 881 m 683 w 683 vw ~685 vw  pp(HDO,)
g (H,0,) 643 m 6548 ~670 sh
vg(HDO) 1t 600 sh 600 sh
VR(HDOJT 576 vw 382 vw 885 vwr 585 sh
_ {565 vw {565 w 586 sh 590 w 591 m 7]“(1),0.)
TOD(HDO,) 529w 529 m 526 8 625 vs 523 m 6l4s vy
ﬂB(HDDI) ~510 vw 08 w 507 m 506 8 506 m
— — — ~~495 sh ~485 sh 486 ve 1 (D,0,)

* Isotapio somposition of mixtures in Table 3.
1 Bande of the dihydrate.
1 In phase—Qut of phuse.

subsequent authors [4, 11]in that the B, and B, classes are interchanged. The distri-
bution of the various degrees of freedom of the Bravais unit cell, including the
lattice modes, among the crystal symmetry classes is shown in Table 5. In order to
describe the rotary lattice modes it is convenient to use the frame of reference of the
isolated molecule in which the O—O bond defines the z-direction, and the molecular
C,-axis the z-direction. Using this basis, the various librational modes are designated
&, ,.. depending on the molecular axis around which the molecules are undergoing
restricted rotation. The translatory vibrational modes are simply referred to as
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Table 3. Approximate % composition of the isotopic mixtures

Bulk composition Isotopic species
Mixtures HO, D,0, H,0, HDO, D0,
{A) b 95 — 10 90
(B) 25 75 6 37 57
) 38 : 62 - 16 47 38
(D) 52 48 30 50 20
(E) 80 20 66 30 5
(F) 95 5 90 10 —

Absorption

EEED

)

e)

=

-

{f)
3500 3000 2500 20C0I500 000 500

cm™t

Fig. 2. Infrared spectra of isotopic mixtures of HyO, and D,0, having com-
positions shown in Table 3. Crystallization temperature about 80°K.
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Fig. 3. Raman spectra of crystalline H,0, (A) and D,0, (B) in the region of the
fundamental vibrations at about 80°K.
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Fig. 4. Lattice vibrations of H,0, (A) and D,0, (B) erystals in the Raman
effect at S80°K.
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Fig. 5. Polarized Raman spectra of an oriented single crystal of HyQ, at 240°K.

T(X), where X identifies the symmetry class. The R, mode has been referred to as
v, by previous authors [4, 17].

The OH (OD) stretching vibrations

Four Raman and two i.r. bands have been reported previously for H O, in the 34
region. The present Raman spectra show the five expected components for both
H,0, and D,0,. In thei.r. spectra, the third predicted component could be resolved
only in the case of D,0, since the OH bands are nearly 50 per cent broader than are
the corresponding OD bands. The effect of temperature on the OH frequencies is
clearly shown in Table 1 and emphasizes some of the difficulties in correlating earlier
results. The average separation of », and »; (some 60 cm~!) is significantly greater
than in the free molecule (10 cm1) [18] because of crystal interactions.

The vibrational frequencies of the hybrid molecule, HDO,, can be obtained from

[18] R. L. RzpmeroN, W. B. Orsox and P. C. Cross, J, Chem. Phys. 36, 1311 (1962).
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SoT80 180 170 2o 250 290560 640 720B0 820

cm™!

Fig. 6. Polarization characteristics of the lattice vibrationa of & single crystal
of H;0, in the Raman effect.

Free
Vibrations molecule Sita Space group Activity
Ca Cs o,
] A, R
v, 1o v, /
R, A A B, R
iy \
E IR, R
Ve Vg /
R,y Ry B B As TR.
T T, \ B, R
Fig. 1. Correlation diagram for the symmetry species of gaseous and crystalline

H,0,.

the spectrs of the more dilute isotopic mixtures (Fig. 2A and 2F) in which the
vibrations of the “‘impurity” group are not coupled dynamically with the rest of the
Jattice. The OD stretching frequency of HDO, (2396 cm~!) was observed to be
nearly the same as the average of the component frequencies in pure D;0,, »,, = 2394
cm~'. For the OH stretching, the agreement was not as close (3236 va. 3213 em™).
A similar situation obtains in the case of hexagonal ices where the discrepancy (in
ordinary ice} is still larger: some 57 cm~2.
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The OH (OD) deformation vibrations

The OH and OD bending regions in the aspectra could not be interpreted as
satisfactorily as the stretching regions. For example, only two bands were observed
in the Raman spectra instead of the expected five and their isotopic ratio (1.37} is
higher than that of the stretching modes (1.34) whereas the reverse usually is trne.
The polarization data indicate that these bands are complex. The situation is
complicated by the fact that the overtones of the internal torsion and the R,
librational modes fall in this same region and may interact with the deformations to
some extent. These torsional modes also are likely to show relatively large anhar-
monic effects. We believe that the lower frequency band at 1332 em~! (990 em—1)*
in the i.r. spectrum must be a combination band. This is substantiated by the
spectrum of HDO, which shows two well resolved bands in the OD bending region,
1048 and 1020 cm2. Clearly the latter, which is weaker, is not a fundamental. Our
assignment to an overtone seems more likely than the combination (629 + 505 em~?)
in view of the large expected anharmonicity. The corresponding band in the OH
bending region is not resolved probably because the fundamental at 704 em™! is
much weaker than its deuterated counterpart.

Previously, the medium intensity band at 1410 ecm-? in the ir. spectrum was
assigned to the symmetric bending mode [9], more precisely [17] to vy(&). However,
in the absence of a corresponding Raman band, this must be changed to »4(4,).
Furthermore, from geometrical considerations, it appears that the v, modes, while
not forbidden in the i.r, must be exceedingly weak and may be smaller than that of

in the water molecule by almost an order of magnitude. Our assignment of the
very faint band at 1065 em™* to », of D,0, in the dihydrate is based on its intensity
variations in different samples. Contrary to the situation in the OH stretching
region, the frequencies of the OH deformation bands in the crystal do not agree too
closely with those in the liquid: namely, 1400 cm~! (1013 em™?) for », in the Raman
effect [19] and 1350 em™! (1005 cm ') for »gin the i.r. [2]. The difference seems larger
than the uncertainty in location of the maxima of the broad bands in the liquids.

Interpretation of the relative intensities of the bending bands poses more
problems than do the frequencies. Generally speaking the shapes and intensities of
these bands are much affected by imperfoct crystallization and the presence of traces
of water. Certainly one very puzzling feature is the weakness of the fundamental
at 1024 em! in D,0, compared with its counterpart in H,0,. We see no obvious
explanation for this particular isotope effect.

The O—O streiching vibration

As in previous studies, only one intense, narrow band (3 em~! width at half
height) was observed for this mode. lts frequency was identical, within experi-
mental error, in the i.r. and Raman spectra, and no indication of the three expected
components was obtained. The experimental evidence clearly shows that this mode
not only is unaffected by the crystal environment but that it also apparently does

* Hereafter, frequencies given in parentheses refer to the corresponding bands in the isotopie
molecule.

[19] R. C. Tavvor and P. C. Cross, J. Chem. Phys. 24, 41 (1956).
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not mix with the other internal frequencies of the molecule. The normal coordinate
calculations agree well with experiment insofar as crystal effects are concerned. The
computed frequencies for the crystal components fall within a 4 cm— span for H,0,
and a 2 em~* span for D,0,. The calculations thus are consistent with the fact that
the crystal components of this mode are not resolved under the present experi-
mental conditions.

1t is of interest to note that the 0—O frequency shifts to kigher frequency by
lem™ upon deuteration. This was checked repeatedly by careful narrow-slit
measurements. As expected, the calculations consistently predict this mode should
shift to lower values (by from 2 to 6 em—2). Though not large, this inconsistency
calls for some comment. One possible explanation is a second order isotope effect
resulting in a slight shortening of the O—O bond in D,0,. This could raise the
0—0 force constant enough to compensate for the mass effect of the deuterium. A
shortening of the order of 0.005 A (estimated by Badger’s rule) woull be sufficient.
The possibility that this unexpected isotope shift is due to a difference between the
hydrogen and deuterium bonds in the crystal does not appear likely since the same
shift has been observed recently in a Raman study of H,0, and D,0, vapor [20].

Torstonal frequency and lattice vibrations

It has been pointed out previously [9] that the torsional vibration in the crystal
and the librational lattice mode in which the molecules rotate around the 0—Q axis
should have about the same intrinsic frequency. Since the trans potential barrier in
the free molecule is only about one keal/mole [18], the main restoring force in both
crystal modes comes from the hydrogen bonds. From the point of view of lattice
dynamics the #; and B, modes may be thought of as symmetric and antisymmetrie
modes involving restricted rotation of eoupled OH groups. Despite this conceptual
simplification, it was found difficult to work out an acceptable assignment for the
bands in the 600820 cm~! (450-600 em—1) region of the spectrum. In particular,
the ir. band at 809 cm! is puzzling. Its frequency is higher than expected for a
component of either », or R,. Indeed, the normal coordinate caleulations invaribly
yield appreciably lower frequencies for all components of these frequencies. MILLER
and Horx1G [17] assigned this band to a combination (151 + 566 — 807) which is
reasonable since it has the correct symmetry for i.r. activity. On the other hand, the
three bands at 809, 690 and 656 cm—' in the H,0, spectrum have strikingly similar
counterparts at 585, 511 and 482 em—! in the D,0, spectrum, none of which can be
assigned as combinations. Moreover, the isotopic frequency ratios for corresponding
bands fall in the range 1.30-1.36, values which are normal for hydrogen motions and
which rule out combinations with lattice modes involving significant motions of the
oxygen atoms,

The symmetry assignments for the lower frequency lattice modes were fairly
straightforward with only a couple of unsatisfactory aspects. One involved the
doublet at 276/281 em—! (260/264 cm1). According to our polarization data, one of
the components should belong to the B class. However, the ir. spectra of H,0,
show no measurable absorption near 280 em—1. Tentatively, we assign the extra E

[20] P. A. Gicugre and T. K. K. SRINIVASAN, Unpublished results.
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symmetry band to the overtone of the strong translation band at 152 cm— (148 cm ™)
Also, librational (rotatory) modes usually are relatively intense in the Raman effect
while translatory modes tend to be weak. On the basis of this criterion, the strong
Raman band at 161 em—? (154 om—2) should be assigned to a rotatory mode despite
its relatively low frequency. Actually, the normal coordinate calculations show that
this mode, as well as most of the others, is mixed so that no simple description
applies.

The hydrogen bonds

In view of the many similarities between hydrogen peroxide and water, it is
logical to compare the two compounds in terms of their hydrogen bonding, the main
packing force in both cerystals. Various indices suggest that the hydrogen bonds in
peroxide are slightly weaker than in ice. First is the appreciably longer O—H ... O
distance, 2.80 A [13, 14] compared with 2.76 A [21]. According to the usual empirical
correlations [22] this corresponds to a decrease of some 1215 per cent in hydrogen
bond strength. Comparable values are arrived at from the decrease in the O—H
stretching frequency when hydrogen bonds are formed, namely, (3610-3210) = 400
em~! from the average of the present data, and (3705-3275) = 430 cm~ for water.
A similar conclusion is reached from the temperature effect on the libration and
translation lattice frequencies in the crystals which involve directly bending and
stretching of the hydrogen bonds. Data for the coeflicient (Av/v) per °C for ordinary
ice [23] and for peroxide from the present as well as previous work [9] follow:

va(H,0;) = — 2.6 »p(H0,) = — 3.5
v (HoOp) = — 2.4 1(Hz0,) = — 3.2

This slightly lower hydrogen bond energy in the peroxide crystal may be due to
a lesser polarity of the O—H bond andfor the less symmetrical balance of forces
about each molecule because of the two unengaged lone-pair orbitals of the oxygen
atoms.

It is interesting to note that the O—H stretching bands are much narrower in the
peroxide crystal than in ice [24], {Table 4). The unusual width in the case of water
is due in part to Fermi resonance with the overtones of bending modes which does
not occur in hydrogen peroxide. Furthermore, the peroxide crystal is ordered in
contrast to ice where the disorder of the protons must contribute to the abnormal
width of the O—H bands. Another remarkable feature of these bands is their
greatly reduced width in the Raman spectrum (Fig. 3) compared with the ir.
Although the Raman spectra were obtained from single erystals while the i.r. samples
were microcrystalline, it does not appear a priori that erystal imperfections and
reflection losses can account for the observed differences. The often invoked com-
binations with low-frequency lattice modes do not apply here for several reasons:

[21] 8. PerErson and H. Levy, Acta Cryst. 10, 70 (1957),

[22] G. C. PiMeENTEL and A. L. McCLELLAN, The Hydrogen Bond. W. H. Freeman, San Francisco
{1960).

[23] R. ZimMERMANKN and Q. C. PiMENTEL, Advances in Molecular Spectroscopy, p. 726. Pergamon
Press, (1962),

[24] D. EisenBERG and W. Kavzmanw, The Structure and Properties of Water, p 128. Clarendon
Press, Oxford, (1969).
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Table 4, Approximate half-widths (in cm™1) of the O0—H and 0—D streteching bands in various

cryatala
Raman I.R. : Raman ir.
H,0, 20 80 H,0 ~40 ~500
D,0, 12 50 D,0 ~325 ~300
HDO,(OH) 11 22 HDO{0C—H) — ~50
HDO,(0—D) 8 15 HDO(0—D) - ~30

Table 5. Distribution of the degrees of freedom of crystalline hydrogen peroxide among sym-
metry classes

Symmstry Total Unit cell Translatory Librational Internal
claaa Deg. of F. translations modes modes maodes
Ay 6 0 1 1 4
A, 6 1 1 2 2
B, 3 0 2 2 2
B, 6 0 1 1 4
B 12 1 2 3 [

(a) the number of possibilities is rather limited (b) such combinations should also
appear in the Raman effect, and {¢) the half-widths of the O-—H bands show a
constant ratio of 1/2 to those of the 0—D. 1t also is noteworthy that a drop of some
160° in the temperature of the peroxide crystal reduces in half the width of all the
OH bands in the Raman spectrum, whether of molecular or lattice origin. {Compare
Fig. 3 and 4 with Fig. 5 and 6). In constrast the 0-—O stretching band remains
unaltered because it is not directly affected by hydrogen bonding.

NorMAL COoORDINATE CALCULATIONS

A characteristic feature of the hydrogen peroxide crystal is the relatively strong
and directed intermolecular forces resulting from the hydrogen bonds present. In
as much as these hydrogen bonds effectively act as very weak chemical bonds in the
orystal, they must be taken into account explicitly by any normal coordinate
treatment of the crystal spectrum. For purposes of the analysis, 8 “molecule unit’’
was defined which is shown schematically in Fig. 8. In addition to a central H,0,
molecule, this unit includes two H atoms and two O atoms from neighboring
molecules linked to the central H,0, molecule by hydrogen bonds. A similar type of
model has been used in the analysis of the vibrational spectrum of liquid water [25]
and ice [26]. This unit served to define a basis set of internal eoordinates in terms of
which the normal coordinate analysis was carried out. In addition to internuclear
distances representing the normal chemical bonds, the H . . . O hydrogen bonds, the
molecular valence angles and the angles involving the hydrogen bonds, two addi-
tional distances were included in the basis set. These were the two close H. .. H
distances since it was felt there would be sufficient interaction to warrant their

[25] R. A. M. O’'Fegnar, G, W, KoerrL and A. J. Knnsen, J. dm. Ckem. Soc. 88, 1 (1971).
[26] Y. Kxoaoxwu, J. Chem. Soc. Jap., Pure Chem. Sec. 81, 1648 (1960).
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Fig. 8. Model showing internel coordinates used in the vibrational analysis of
the spestrum of orystalline hydrogen peroxide. (The angle, @, refers to the
in-plane bending, and the angle, «,’, to the out-of-plane bending of the OH groups.)
inclusion. Although the neutron diffraction results {14] show that the proton in the
O—H. .. O linkage does not quite lie on the line between the two oxygen atoms,
the deviation is small and the hydrogen bonds were assumed linear in the model.
Using the coordinates depicted in Fig. 8, the set of symmetry coordinates shown
in Table 6 was obtained on the basis of the local €, symmetry of the unit. These

Table 6. Symmetry coordinates for extended H,0, molecule having
local C, symmetry

Coordinate Deacription

A Clasa

8§, = a(Ar, + Ary)

8, = alAa, + Aas)

8, =AR

Sy =AR

85 = a(Ak, + Ah:)

Sﬂ e a(Aa;., -+ Adn:)
87 = a{lop,” + Aoag”)
SB = a(Aﬂl <+ Aa,)

Sy = alAy, + Ay,)
830 = a(Aq, + Agy)

B Class

8y = alAr, — Ary)
81s = o(Aa; — Aay)
83 = a(Ahy — Ahg)
Sy = alAayy — Aoyy)
S5 = a(Aap,” — Aogy’)
8, = a(AB, — AB,)
Siy = oy, — Ayy)
8pq = G(A91 - AQ:,
8= 1{4/2

OH symmetric stretch

QO0OH symmetrie deformation

0—0 stretch

0—0Q torsion

OH , . .0 symmetric stretch

OH .. .0 symmetrie linear banding
OE ... O symmetric linear bending
H...OH symmstric deformation
H ...O00 symmetric deformation
H ...H stretch

OH asymmetric streteh

QOH asymmetric deformation

OH , .. O asymmetric stretch

OH. .. O sasymmetric linear bending
QOH .. .0 ssymmetrio linear bending
H ...OH asymmetrie deformation
K ...00 asymmetric deformation
H ... H stretch
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local symmetry coordinates were then used to construct symmetry coordinates for
the five symmetry classes of the optically active vibrational modes of the crystal.
Elements of the inverse kinetic energy (G) matrix for the molecule unit were obtained
by standard methods [15, 27] and transformed into the symmetry coordinate basis,
Molecular dimensions were taken from the neutron diffraction results [14] with the
approximation noted above. Adjustment of trial valence symmetry foree constants
was carried out on an IBM 360/67 computer using a standard iterative least squares
program similar to those described elsewhere [28-31]. In several of the symmetry
classes, assignments for specific frequencies were missing or uncertain due to pos-
sible accidental degeneracies, In these cases, zero or small weights were attached to
estimated experimental values to remove them from the refinement process.
Observed and calculated frequencies for the five symmetry classes of the factor
group of the unit cell are listed in Table 7 together with the potential energy distri-
butions expressed in terms of the local symmetry coordinates listed in Table 6. The
potential energy terms are given as percentages with only the principal contributions
included. The potential energy distributions for D,0, are not tabulated since, with
only a very few exceptions, the distributions within the individual modes were quite
similar to those of the corresponding hydrogen modes. In the computations, the
frequencies of the normal and deuterated species were fitted simultaneously to the
same set of force constants with the exception of the OH and OD stretching modes.
Since the latter frequencies are well removed from the rest of the spectral bands, and
gince anharmonicity effects are most pronounced in these modes, separate values of
the O—H force constant were used to fit the OH and OD stretching frequencies. As
a consequence, these high frequencies could be fitted with somewhat reduced dis-
crepancies between observed and calculated values which in turn aided in fitting the
lower frequencies. In general, the agreement between the observed and calculated
values for the 59 assigned frequencies of the two isotopic species was satisfactory and
within the limitations imposed by the model and the neglect of anharmonicity. A
few aspects of the calculated spectrum, however, deserve comment. The two mo-
lecular modes, », and »,, each split into three components (Fig. 7) as a result of
interactions among the molecules in the unit cell. In the case of »,, the assignments
Place the B, and E components relatively close together at 3304 and 3285 cm~! but
well separated from the A, component which is observed at 3155 em~'. The calcu-
lated values on the other hand show the components to be uniformly spaced about
55 cmm~t apart. The B, and £ components of v likewise occur fairly close together
at 3208 and 3187 cm™?! and again the calculated components are uniformly spaced
with about the same separation as for the calculated », components. This difference
between the observed and calculated splitting patterns for the two fundamentals
may arise as a result of a Fermi type interaction between the two & components of

[27] T. SmxvanoucHi, M. TsuBor and T. Mrvazawa, J. Chem. Phys. 85, 1597 (1961).

[28] J. OveErEND and J. R. SoRERER, J. Chem. Phys. 32, 1289 (1960).

[29] J. AupouUs and I. M. MIrrs, Spectrochim. Acta 18, 1073 (1962),

[30] T. SmiMawovcenr, Computer Programs for Normal Coordinate Treatment of Polyatomic
Molecules. Dept. of Chemistry, Faculty of Science, University of Tokyo, July (1968).

[31] R. C. TayLor, H. 8, GassLNick, K. Apa and R. L. AMSTER, fnorg. Chem. 8, 605 (1969).
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Table 7. Observed and calculated frequencies and potential energy distribution for crystalline
hydrogen and deuterium peroxide

H,0, Potential enargy D,;0,
Observed Cele. A distribution for H,Q, Observed Cale. A
A, Class
3166 3188 —33 86-8,, 4-Sg 2363 2369 —16
1421 1429 —8 74-8,;, 18-Sy, 5-8; 1038 1046 —8&
881 885 —d 79.-8,, 8-S, 8-S, 882 879 3
742 742 0 44-8,, 30-8,, 13-8 653 570 —17
195 198 -3 83-5;, 19-8,, 9-8, 184 184 0
131 135 —4 51-8, 26-8;, 15-S5 127 127 0
A, Class
— 8124 — 85-8y,, 5-84, — 2336 —
1410 1430 —20 72-814, 16-8,4, 5-83, 1048 1057 —9
856 681 —25 34-5,5, 34-8 4, 24-5,, 488 495 -9
236 240 —4 53-Sy4. 28-84,, 98-8y, 230 235 —b
169 100 9 36-S,q, 2284, 20-5,4 105 95 10
B, Class
3208 3239 —31 9585, 4485 2391 2408 —17
1385 1877 8 88-8,,, T-814 1023 1020 3
423 447 —24 46-8, 4, 35-85, 17-8,, 357 341 16
280 251 1 78-S13, 881y, 5914 274 272 2
— 79 — 85-8,;, 258, — 74 —
— 66 — 5054, 38-S}g, 6-55, — 64 —
B, Class
3304 3300 4 96-8,, 3-8g 2434 2441 -7
1385 1407 —22 88-8,, 6-8¢ 1623 1036 —13
881 883 -2 83-8y, 8-8,, 5-S, 882 881 1
837 627 10 56-5,, 19-55, 8-Sy 467 519 —b52
181 164 —3 87-8;, 3185, 11-8y, 154 162 2
87 — — - 84 — —
K Class
3286 3245 40 98-8, 3-85 2449 2405 35
3187 3131 6 95.8),, 681, 2376 2371 5
1421 1418 3 18-85y, 5-Sgr 5-544 1038 1039 -1
1385 1371 14 18-, 4, 6-5,4, 55, 1023 1014 9
881 833 —2 82-8y, 8-5,, 6-S, 882 880 2
890 678 12 34-8, 20-8 5, 14-8;4 591 530 61
— 602 - 30-§y4, 29-8,, 13-8; 514 456 59
264 276 —12 51-85, 17-8p5, 14-8;4 248 236 12
225 221 4 47-55, 21-8,,, 16-84 216 216 0
152 161 1 60-5, 4, 21-855, 5847 149 146 4
109 74 35 58-8g, 16-8,, 14-8, 104 mn 43

the two fundamentals which perturbs their positions. The situation is essentially the
same for the OD bands.

In the OOH (O0D) deformation region, the splitting pattern for the », components
again is predicted by the caleulations to be an evenly spaced triplet; however, in the
case of v, the B, and ¥ components are calculated to be nearly degenerate and
separated significantly from the 4, component. Unfortunately, only two bands
could be distingunished in the Raman spectrum and experimental corroboration is
consequently inconclusive.

Among the remaining frequencies, the most marked discrepancies between
observed and calculated values occur in the three deuterium peroxide bands discussed

18
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earlier at 467, 514 and 591 em~? and assigned respectively to B,, £ and £ modes.
These three bands deviate from the calculated values by amounts appreciably
greater than the average deviation of the remaining frequencies. Tt is worthy of note
that the isotopic frequeney ratios of the calculated frequencies of these three bands
range from 1.21 to 1.32, values which are significantly lower than the ratios of
experimental frequencies if the 809 em—! band of H,0, is taken as a lattice funda-
mental. Since polarization measurements were not done on the D,0, crystal,
evidence for symmetry assignments depends chiefly on whether a given band appear-
ed in the Raman or i.r. spectrum, or both. Such evidence provided the basis for
assigning the 4687 cm—! band as a B, mode and the 514 cm—! band as an £ mode,
although the calculated frequencies would agree better with the reverse assignment.

Individual valence force constants defined in terms of the coordinates shown in
Fig. 8 are listed in Table 8. In all, eleven principal constants and twenty interaction
conatants were used to reproduce the caleulated values shown in Table 7. A number
of the possible interaction constants were eliminated at the start of the calculations
on the basis that they linked non-adjacent coordinates (coordinates having no
eommon atom) and therefore were likely to be quite small and non-determinable with
the available data. Such constants, for example, include interactions between
internal coordinates belonging to two different molecules in the unit cell. The
sensitivity of the calculated frequencies to the remaining interaction constants was
explored by trial and error and those constants which had no significant effect on
the frequencies, or which had large dispersions, were also constrained to zero. The
final potential function represented by the constants in Table 8 therefore constitutes
a satisfactory although not necessarily unique solution to the vibrational problem of
the crystal. The only previous analysis of the crystal speotrum is that of MiLLER
and Horwia [17]. They did not attempt to deal with any of the lattice modes
occurring below 600 em—! and included only the E, librational lattice mode ex-
plicitly.

The force constants of the peroxide unit cell can be divided into two groups, one
consisting of the intramolecular constants and the other the lattice constants.
Comparison of the results with those for the ice system based on a comparable model
[26] is complicated by the fact that the investigator used a Urey-Bradley type of
potential function. However, the O—H stretching constant from the present work
is slightly less than the value reported by Kvocorv [26] for ice which is in accord
with the data which suggest that the OH bond in ice is slightly stronger than in
peroxide. The value reported by Mrurer and Hornie is appreciably larger than that
found here but any comparison does not appear significant in view of the difference
in assignments. The remaining three principal intramolecular force constants are
about of the magnitude to be expected, the O—O constant in particular agreeing
very closely with the value predicted by Badger’'s rule. The small value found for
the torsion constant, 0.042 md/A, lends support to the prediction that the restoring
foreces controlling the librational motions of the OH groups in the crystal arise
chiefly from the intermolecular hydrogen bonds. The very small value of this
constant also undoubtably is responsible for the fact that no torsional mode is
identified by the potential energy distributions, although a contributing factor also
is the fact that the two coordinates, 8; and &, are not completely independent.
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Table 8. Force constants and dispersions for hydrogen peroxide in the crystalline state

Force constant 8 Force constant é
f.(OH) 5.529 0.040 e 0.118 0.020
FrOD) 5.815 0.056 Ja.0 0.026 0.009
A 0.950 0.023 Forn —0.033 0.013
Ir 3.999 0.031 Froun —0.032 0.016
S 0.042 0.023 Jr.o —0.031 0.015
T 0.266 0.011 Tan —0.028 0.010
San 0.032 0.011 j A —-0.012 0.004
Ta 0.157 0.008 San.on —0.049 0.006
Iy 0.588 0.025 Jans o8 —0.004 0.003
Fan 0.074 0.004 Jan,pe —0.020
fe 0.033 0.009 A —0.078 0.004

So.on 0.065 0.008
So.ye 0.090
Jer 0.140 0.040 Faon —0.006 0.010
faa 0.027 0.023
frm 0.447 0.961
Ir.a 0.679 0.108
fra 0.426 0.121

Units: stretch, mdynefAng.; stretch-bend, mdyne; bend, mdyne-Ang.
* Coordinates involved belong to two different molecule units.

The only other intramolecular constant about which a comment could be made is
Jrr: the OH—OH interaction constant. In the free molecule, this constant has a
negative sign [32] whereas in the crystal, it is positive. Since this constant is
determined by the separation between the », and »; fundamentals, the change in
sign emphasizes the fact that the relative positions of these two modes are inter-
changed on going from the gas to the crystal.

Of the lattice constants, the one of most interest is f,, the force constant of the
hydrogen bond. The value found here for crystalline H,0, is f, = 0.255 md/A which
can be compared with the value of 0.19 md/A for ice [26] and the value of 0.12 md/A
for water [256]. However, any discussion based on numerical comparisons does not
appear profitable because of differences in potential functions. In particular, the
present potential function includes an interaction constant between the O—H
stretch and the hydrogen bond stretch, f,,, which other investigators did not include.
The addition of this interaction constant significantly improved the fit in the present
calculations but the hydrogen bond constant, f,, increased in magnitude as a resuls,
Valid arguments have been cited previcusly for believing that the hydrogen bond in
hydrogen peroxide is somewhat weaker than that in water or ice. One is therefore
left with the conclusion that the f,, interaction constant probably is a significant one
which should be included explicitly in any potential function involving hydrogen
bonds. Discussion of the values obtained for the other lattice constants does not
appear to be particularly frunitful. Most of the numbers obtained appear to be of the
expected numerical magnitude and are comparable with values in the literature.

[32] E. HiroTA, J. Chem. Phys. 28, 839 (1958).
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The constant associated with the non-bonded H . . . H distance was quite small and
did not contribute significantly to fitting the observed frequencies.

In conclusion, one can note that thirty one foree constants have been used in the
present treatment to reproduce some fifty nine assigned frequencies for crystalline
H,0, and D,0,. The agreement between observed and caleulated frequencies is
quite satisfactory and the values obtained for the intramolecular and lattice force
constants are reasonable and compare in magnitude to those obtained in other
hydrogen bonded systems. The model on which the calculations are based, although
simplified, is realistic and has provided a satisfactory interpretation of the vibrational
spectra, Although some uncertainties still exist regarding the identification and
assignment of certain of the crystal frequencies, it does not appear that their
clarification will affect the results in any major way.
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