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INFRARED AND RAMAN SPECTRA OF ORTHORHOMBIC,
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RELATION TO THE “STRENGTH” OF THE HYDROGEN BOND
PRESENT

ALESSANDRO BERTOLUZZA, PATRIZIA MONTI, MARIA ANGELA BATTAGLIA
and SERGIO BONORA

Centro di Studio per la Spettroscopia Raman, Istituto Chimico *“‘G. Ciamician’’;

Cattedra di Chimica, Facolta di Medicina e Chirurgia, Universitd di Bologna, Bologna

TFnla,
‘Lsuh_y,

(Received 6 July 1979)

Infrared and Raman spectra of the three forms of metaboric acid (orthorhombic,
monoclinic and cubic) are presented and discussed. The behaviour of the asymmetric
stretching vibration vgy and of the in-plane and out-of-plane deformations 50H and
YOH shows that hydrogen bonds of different Stfeﬁg’um ’ are present in i the three forms of
metaboric acid, in accordance with X-ray diffraction measurements. This phenomenon is
explained in a q_ualitative way by a valence bond treatment of the structural centres
present in the three forms of metaboric acid. The remaining vibrational modes are related

to the analogous modes present in borates and polyborates of known structure,

INTRODUCTION

In our previous Raman and infrared studies we have 1nvest1gated problems
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solids and in solutions [1—-10] Some compounds contain both types of
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[3] is a typical example. Moreover, compounds havmg the same formula
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strengths are known. The subject of the present work, metaboric acid (HBO,), is
le h
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forms, namely orthorhombic (HBO, -III), monoclinic (HBO, -II), and cubic
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however, very little is known about the Raman and infrared spectra of the
three forms r1 A—‘)ﬂT

In this paper we g1ve the results of a vibrational spectroscopm investigation
on the three crvstalline forms and the relation of the snectra to the strencth
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of the H-bonds present in the three structures.
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EXPERIMENTAL

The three forms of metaboric acid can be prepared by using different
pressure and temperature conditions [21].

Orthorhombic metaboric acid (HBO,-III) was prepared by dehydrating
recrystallized orthoboric acid (H3;BO3) at 120°C for 48 h.

Monoclinic metaboric acid (HBO,-I1) was obtained by dehydrating recrys-
tallized orthoboric acid (H;BO,) at 140°C for 78 h, using a partially open
tube to prevent evaporation of water.

Cubic metaboric acid (HBO,-1) was firstly obtained by melting HBO,-II in
a sealed tube at ~200°C. A few brilliant crystallites of HBO,-I appeared in
the melt and grew very slowly ; five months were required for complete crys-
tallization. The crystals were washed with water and then with methanol.
Secondly, HBO,-I was prepared according to a shorter method [22], which
however requires a little HBO,-I to be initially available.

Raman spectra were obtained using a Jasco R300 spectrometer with a
Lexel Ar* 4880-A laser source. Infrared specta of Nujol and hexachloro-
butadiene mulls were recorded with a Perkin-Elmer 225 spectrometer.

DISCUSSION

The infrared and Raman spectra of orthorhombic metaboric acid
(HBO,-I1I) have been investigated by several workers [14—19]. In particular,
Parsons [15] has published an analysis of its infrared and part of its Raman
spectrum, including a vibrational assignment. A more complete Raman
spectrum of this form was recently reported by Maya [19] in a paper on the
Raman spectroscopic identification of polymeric ions in solution. In the
same paper Maya also reported the Raman spectrum of monoclinic metaboric
acid (HBO,-II). The latter spectrum seems to be the only one in the literature
for this crystalline form, and we could find no report of its infrared spectrum.

As for the third crystalline form, i.e. cubic metaboric acid (HBO,-I), a
partial infrared spectrum between 4000 and 1300 cm™! has been presented
and discussed by Parsons et al. [20], but we could find no report of its
Raman spectrum.

In this work we present the infrared and Raman spectra of the three
crystalline forms, and in particular we discuss the asymmetric stretching
vibration vgy which indicates the strength of the H-bond [23].

The infrared spectra in the region 4000—200 cm™! for orthorhombic,
monoclinic and cubic metaboric acids are shown in Fig. 1(a), (b) and (c),
respectively. The Raman spectra for the three forms are given in Fig. 2(a),
(b) and (c) (for the region 0—4000 cm™), and in Fig. 3(a), (b) and (c) (for
the region 0—1000 cm™), respectively. The frequencies of the infrared and
Raman bands for each compound are listed in Tables 1, 2 and 3, respectively.

The infrared spectrum of orthorhombic metaboric acid (HBO,-III) shows
a complex band centred at ~3280 cm™', attributable to the voy stretching
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Fig. 1 Infrared spectra of (a) HBO,-II, (b) HBO,-II, and (c) HBO,-1.
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Fig. 2. Raman spectra of (a) HBO,-III, (b) HBO,-II, and (c) HBO,-I..

vibration, with maxima at 8375, 3280 and 3200 cm™! (Fig. 1a); comparable
features are also present in the Raman spectrum at 3365, 3295 and 3195
cm™! (Fig. 2a).

In the infrared spectrum of monoclinic metaboric acid (HBO,-II) we
observe a similar complex band shifted towards lower wavenumbers and
centred at ~3070 cm™!, with maxima at 3190, 2925 and 2720 cm™ (Fig.
1b), while the Raman spectrum shows weak bands at 3130, 2930 and 2725

cem ™! (Fig. 2b).
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Fig. 3. Raman spectra of (a) HBO,-III, (b) HBO,-II, and (¢) HBO,-I in the region 0—1000

cm™,

Finally, the infrared spectrum of cubic metaboric acid (HBO,-I) shows
a very broad absorption band centred between 1500 and 1000 cm™, with
weaker and larger superimposed bands at ~2450, ~1900 and ~1700
cm™ (Fig. 1c); again, these features are also present in the Raman spectrum
at ~2380, ~1980, ~1700 cm™! (Fig. 2¢).

From the literature {24] we obtain a relationship between the frequency
vou and the O---O interatomic distance. According to this relationship, we
expect an average O-+O distance of 2.74 A for HRO,-III (average v i
~3280 cm™!), and of 2.66 A for HBO,-II (average vy ~3070 cm™ '), which
is in good agreement in both cases with the X-ray structural data {11, 12].

The overall appearance of the HBO,-I spectra suggests the presence of
stronger H-bonds. It is known, particularly from the infrared rather than the
much less utilized Raman spectra, that the frequency of the asymmetric
voyu Stretching mode shifts towards lower wavenumbers as the strength of
the H-bond increases. Weaker submaxima are also noted in the spectrum. At
the same time the barrier in the double-minimum potential function decreases.
When the H-bonds are strong enough and are characterized by a double-
minimum potential function with a low barrier, a trio of bands, referred to as
A, B and C, appears. These bands are affected by deuteration and are there-
fore connected with proton motion. This type of absorption pattern is
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TABLE 2

Infrared and Raman spectra (cm™') of HBO,-1I, p-veatchite and caesium triborate

HBO,-IL (Sr, Ca) [B,O,(0OH).1, CsB,0,
(monoclinic metaborie acid) (p-veatchite) (caesium triborate)
3- and 4- coordinate 3- and 4- coordinate 3- and 4- coordinate
boron {12] boron [39] boron [401]
IR Raman IR [37]}® IR [38]
3190 vs
3130 m
2925 s 2930 w, b
2720 sh 2725 vw
2560 sh
1650 w, sh 1660
1485 sh 1496
1451 1455 m, b
1430 vw
1400 vs, b 1400 vw 1390 s
1341 vw v b 1350 m, b
1335 vs 1330 vw B(3)~0B(3)
1318 sh 1320s, b
1290 sh 1286 s
1264 vw
1250 vs, b
1227 vw
1205 s
1173 vw
1124 vs 1135 vw
1105 m)}
1080 vw, b 1081 m 1080 s, b
1048 w v S
1010 s 1000s § B@TOF@ 1012 m, sh
980 w 980 vw BO
960 m 966 967s,b
946 s J
918 w 918 vw 907 s, vb
817s
860
836 m 847 s, b
803 m 797s,b
785 vs
778 m 777 m, sh
798 m 765 sh 759 s
749 s
730 sh
710 vw 710 m 702s, b
690 m 680 sh 680
653 m 655 m 665 652m, b
640

635 s
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TABLE 2 (continued)

HBO,-II (Sr,Ca) [B,O0,(OH),]1. CsB,0,
(monoclinic metaboric acid) (p-veatchite) (caesium triborate)
3- and 4- coordinate 3- and 4- coordinate 3- and 4- coordinate
boron [12] boron [39] boron [40]
IR Raman IR [37]2 IR [38]
620 vw 628 m
608 s
570 563 w
b47T w
533 w 5936 s 530 530 s
518 m 522 s 515 510 s
502 w 495
481 m 477 s 485 474 m, sh
465 459 s
443 m 432 m
413 m
387 vw 397w
379m
357 m
340m 346 sh
338w
307 sh
293 m
277 m
265 vw
250 m
226w
198 s
185 sh
178 s
147 s
131 s
119s
108 s
94 s
77 s

aIn the literature only the intensities of strong and medium absorption bands are reported.
As the infrared spectrum of aksaite, which contains the same structural moiety in the
form of an isolated ring, shows weak and flat bands between 700 and 400 em™ | it is
reasonable to assign the absorption bands, which are also present in the same range in the
spectrum of p-veatchite, to vibrational modes involving chains of boron—oxygen polyions.
bThe number in parentheses is the coordination number of the bhoron.

observed, for example, for metal dihydrogenphosphates and arsenates [25],
organophosphoric and phosphinic acids [26], seleninic acids [27], and
complexes of carboxylic acids with oxo-bases [28], and various explanations
for this phenomenon have been advanced [29—31]. As the strength of the
H-bond increases still further, the intensity of the trio of bands decreases
and gradually they become indistinct and are replaced by a very broad
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TABLE 3

Infrared and Raman spectra (em™) of HBO, -1, lead tetraborate and teepleite

HBO,-

(cubic metaboric acid)
4-coordinate baron [13]

PbO2B,0,
(lead tetraborate)
4-coordinate boron [44]

Na,B(OH),CIi
(teepleite)

4-coordinate boron [45]

IR Raman IR [38] IR [43] Raman [43]2
3565 s 3557 s }
3535 s 3536s] YOH
~2450m, b ~2380m, b
2326 m
2299 m
2101 w
~1900m, b ~1980m, b 2049 w
1855 m
; 1783 m
~1700m, b ~1700 m, b
1664 w
1597 m
1463 vs, b
~1449 sh
~1877 sh
1297 m
1240 w 1230s, b 1200
1183 vs, b vw 5
1166 s 1171w 1160 OH
1088 vs, b 1083 w 1078 s, b 1060 m
1025 w 1017s,b
993 vs, b
970 w
945 vs, b 940 s, b 950 m }
9392 vs YRO
907 w
895 m, b
880s, b
860 w
825 vs, b 820 s 825w } YBO
804 s
780 s
759 s 757 s, b
742 S 748 s VRO
702 s
630 sh
645 sh 651 s
626 s
613 s, sh 618 s 608 s 614 s YOH
593 vs
545 sh 540 s
520 sh 511s 529w } 58O
500 sh 502 s 500 m
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TABLE 3 (continued)

HBO,-1 PbO-2B.0, Na,B(OH),CI
(cubic metaboric acid) (lead tetraborate) (teepleite)
4-coordinate boron [13] 4-coordinate boron [44] 4-coordinate boron [45]
IR Raman IR [38] IR [43] Raman [43]2
472 s 478 vw
454 vw .
433 m, b 434 vw 430 m 430w &8po
410 sh 412 w
385 vs
361 s 367 m, sh
342 w
317 s 321 m
305 m
292 w
270 s 271 m
228 s 231 vs
164 sh
150 s
115 sh
104 m

2A more recent vibrational study [46] on a single crystal of teepleite confirmed the assign-
ment given above.

absorption band (termed D), which is usually centred below 1600 cm™!.
This transition has been observed e.g. for acid oxalates of the alkali metals {32

The infrared spectrum of HBO,-I shows both the broad band centred
between 1500 and 1000 cm™! (band D) and the three components at higher
wavenumbers (bands A, B and C) and is therefore an intermediate case. Thus
we conclude that HBO,-I contains strong asymmetric H-bonds and that the
spectral behaviour suggests an O---O interatomic distance in agreement with
the experimental value of 2.49 A [18]. Similar spectral behaviour has
been recently observed by HadZi [33] for the case of sodium hydrogen-
formate.

Raman and infrared spectra indicate that the H-bonds present in the three
forms of HBO, have different strengths. In order to explain this phenomenon
in a gqualitative way we must both consider the structures known from X-ray
measurements and also take into account general considerations about the
strength of the H-bond as discussed in an earlier paper [2]. In the latter
paper we noted that the strength of an H-bond depends on both the acidic
character of the proton donor and the basic character of the proton acceptor.
If we consider the three main structures representing an H-bond, according
to the valence bond freatment,

O—HO; « OH'Oy =« OJH-OYy
(covalent) (ionic) (charge-transfer)

a strong H-bond is possible when contributions of both the covalent and the
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Fig. 4. Structure of a layer of HBO,-III [11].

charge-transfer structures become the same (strong symmetric H-bond) or
comp arable (strong asymmetric H-bond). This is possible only if the inter-
acting groups have sufficiently strong acidic and basic character*.

By extending these considerations to the case of HBO,, we observe that
in the structure of HBO,-III (Fig. 4) the H-bonds occur between neutral, two-
coordinate oxygen atoms which are linked with neutral, three-coordinate
boron atoms. However, a few H-bonds in the structure of HBO,-II (Fig. 5)
(namely those having the shortest O---O interatomic distances and conse-
quently the strongest bonds), and all the H-bonds present in the structure of
HBO,-I (Fig. 6) involve a three-coordinate oxygen atom with a formal posi-
tive charge linked to a four-coordinate boron atom with a formal negative
charge. In these cases the three structures given above for the H-bond become

O-;-'—H OII © O[ H+ O]( > O[ I'E—'O;[
(covalent) (ionic) (charge-transfer)

and the increasingly acidic character of the O*—H bond can explain the
strengthening of some of the H-bonds in HBO,-II and of all the H-bonds in

HBO,-I reasonably well.
Moreover, it is interesting to note that the cubic form HBO,-I has a higher
density and refractive index than the other forms, and also that it is very

*The formation of a strong H-bond is expected for Apk, ~2.
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Fig. 5. Part of the structure of HBO,-II projected on the (201) plane [12].

ORI} e oH

Fig. 6. A portion of the three-dimensional tetrahedral network of HBO,-I [131].

hard and has relatively small thermal vibrations [13]. All these different
properties depend on the crystalline structure, which is directly related to
the strength of the H-bond.

The presence of H-bonds of different strengths in the three forms can be
further investigated by examining the remaining bands (o1, vou,s Yoo )
due to the H-bond. The in-plane deformation mode § oy is generally diffi-
cult to assign because in polyatomic molecules it is usually coupled to other
vibrational modes. However, the out-of-plane deformation 7ygy is generally
a highly localized vibration [23, 24]. It has been shown experimentally that
both the 8 oy and the v,y vibrations give rise to strong bands in the infrared,
which shift to higher wavenumbers as the strength of the H-bond increases.
The vg_y .o Stretching vibration occurs at low frequencies, generally <300
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em™ !, and is difficult to localize since it is often coupled to external vibrations
or lattice modes. This vibration also shifts to higher wavenumbers as the
strength of the H-bond increases. For example, in crystalline acetic acid (inter-
mediate H-bond) it is observed at 198 cm™! [34], while in sodium hydrogen-
diacetate (strong symmetric H-bond) it is observed at 320 ecm~! {35].

As regards the infrared and Raman spectra of the three forms of meta-
boric acid, we agree with Parsons’ [15] assignment of the § oy and ygy vibra-
tions in the range 1220—1000 ecm™! and at 833 cm™, respectively, for HBO,-
III. This assignment is confirmed by our infrared and Raman measurements
(Table 1), and is also in agreement with an average O---O distance of 2.75 A
obtained by X-ray measurements [11]. The location of the vg — 4...o stretching
vibration is less evident. Nevertheless, we note that the Raman spectrum of
HBO,-TII shows two strong bands at ~100 cm™~! (Table 1), i.e. in a region
where this vibration might be expected on the basis of the E(0O---O) value [24].

For the other forms of HBO, the 6o, You and voy..o vibrations are
much more difficult to localize, since several attempts to prepare DBO,-I and
DBO,-II were unsuccessful.

In the case of HBO,-I, [R(O---O) = 2.487 A] we expect the § oy band to
lie between 1440 (the value for KHPh (2.54 A) [36]) and 1542 cm™! (the
value for NaH(CH;COO), (2.44 A) [35]); and by analogy we expect the
Yoy band to lie between 1090 and 1285 cm™, using y oy band frequencies
from thesame two compounds. Therefore we may reasonably assign the band
at 1463 cm™! to the § 4y vibration, while the infrared spectrum shows two
strong bands at 1088 and 1183 cm™! for the vy mode. At liquid-nitrogen
temperature these bands do not show an appreciable shift; the spectrum
shows a general narrowing of the bands, the appearance of a new weak band
at 975 ecm™!, and splitting of the band at 825 em™. The vg_y...c mode is
expected toc occur at about 250 cm™! [24]. In this region intense bands are
observed in both the Raman and the infrared spectra (Table 3).

In the case of HBO,-II it is impossible to assign the vibrational modes
dou> You and vo_y..o both because of the lack of the corresponding deuter-
ated compound, and also because the § oy and yoy modes occur in the region
of the stretching vibration of BO bonds characterized by both three- and four-
coordinate boron atoms (Table 2).

Finally, Tables 2 and 3 show the infrared and Raman spectra (where
available) of some borates having structures similar to HBO,-II and HBO,-1,
respectively.

Table 2 also shows the infrared spectrum of p-veatchite (Sr, Ca)[B;0,(0OH),]-
[37] and caesium triborate CsB3;Os [38]. These compounds have structures
similar to that of HBO,-II, and, in particular, they contain both trigonally-
and tetrahedrally-coordinated boron atoms [39, 40]. Their spectra are in
good agreement with that of HBO,-II. As usual, the stretching modes involving
trigonal boron occur above 1100 em™?, while those involving tetrahedral boron
occur below 1100 cm™ [38, 41]. The Raman spectrum of CsB;O; is only
reported in the literature as a sketch [42]. This spectrum shows an intense
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band at about 770 ecm™, a band which is also present in our Raman spectrum
of HBO,-II. The infrared and Raman spectra of HBO,-II are in agreement
with the structure obtained by X-ray studies [12] (Fig. 5) and show the
presence of both trigonally and tetrahedrally-coordinated boron atoms.

Table 3 also shows the spectra of lead tetraborate PbO-2B,0; [38] and
teepleite Na,B(OH),Cl [43]. These compounds contain tetrahedrally-coordi-
nated boron atoms [44, 45]. The spectra of HBO,-I show intense bands in
those regions where, in the spectra of PbO-2B,0; and teepleite, the vibrations
of BO bonds (tetrahedrally-coordinated boron atoms) occur. This spectro-
scopic behaviour confirms the structure proposed for HBO,-I by X-ray
measurements and shown in Fig. 6 [13].
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