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Tnfrared aheorption epecira of 42 different hydraled burates were obtained in the 2000-300 cn -

range. A few specira were oblained hetween 400 and 2000 cm-!.

Mosl spectra are complex and

cannnt be interpreted satisfactomly excepl in the caes of the simplest andons, Many wortelatione

beiween spectra are passible, however, and possible anicn types have been deducad.

Difecrentiation

betwaen riengular and tetrahedrad boron iz possible an che basis of the spectra bat i3 less cemiain than

in the case of the anhydrous bocates.,
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1. Introduction

A comprehensive survey of the infrared spectra of
the crystalline anhydrous inorganic borales was re-
ported recently [1]' The spectra were correlated
with known structures and predictions of unknown
structures were made on the basis of the observed
spectra. Two of the predicted anion structures have
been verified by subsequent x-ray crystallographic
studies [2, 3. The obvious extension of the studies
te include the hydrated barates is the subject of this
report.

e hydrated borates have been subjected to a more
systematic study than the anhydrous materials, largely
as a consequence of their mineralogical occurrence.
Miller and Wilkins [4] reported data on eight hydrated
borates obtained by the mull technique. Several
vears later, Takeuchi [5] studied the spectra of 17
borates of which 12 were hydrated. Takeonchi also
used the mull technigue of sample preparation.
Maenke and his coworkers, in a sexies of papers, [6-13]
have presented spectra obtained on approximately
17 hydrated borates psing the KBr pellet technique.
Akhamanova [14] has reported on seven hydrated
borates and Plyuanina and Kharitonoy [13] have
studied six, with spectra in both cases being obtained
using flms deposited from isopropyl aleohol on alkali
halide plates. The early work by Miller and Wilkins
[4] and that of Takeuchi [5] had a lower frequency
limit of about 68 cm~! which i too high to obtain snme
of the known fundamental vihrations of the horate
anion. All the more recent studies, however, extend
as far as 40 cm-1.

* Figuren im brackets indicate the Etecature references at the end of this paper.

In the present study, infrared spectra were obtained
lor 42 different hydrated borates. Most specimens
were natural minerals but in many inatances synthetic
materiala were alzo available. Approximately 63
different specimens were studied sa that it was pos-
sible to determine the reproducibility of the specira
for materials of different origin—a queslion of impor-
tance for nalural minerals which may contain infrared
active impurities.

2. Experimental Method and Apparatus

Experimentzl techniques and equipment were sim-
ilar to thaose described previously for the anhydrous
borates [1]. A double-beam grating spectrometer
was used 10 cover the range 4200 cm~'. This
range was covered in two steps, 4000400 cm~' and
200200 em~'. In each case the lower frequency
limit impozed by the available energy was higher than
the limits given. Maost spectra were obtained only
in the range 2000-300 cm—! because the fundamenials
of the birate anions were known to occur in this range.
For these studiez powdered films deposited on CaBr
plates from a volatile liquid were used. A few spec-
tra in the higher frequency range were ohtained to
locate the OH fundamental stretching modes. For
these studies the spectra were obtained vsing a mull
with perfluorokerosene as the suspending medium.
In both cases a blank cell was placed in the reference
beam of the spectrometer. The possibility of dehy-
drating the specimens precinded using dry air in the
instrument and considerable care was exercised in
the 500-300 cm-'. region. In this range only those
bands were considered to originate in 1the specimen
which were not obiained on a comparison spectrum
run with no specimen in the heam.
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R C. Exd].
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R. . Erdp
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= Mumber of apacimens sivdlpd 3 equol to the number of lmtimge for ench mocerisl
sepuraied by semicobons.  [Fumeernbs represent cadalog nombers in the minerul colle! e
f the Smithausian IneLitutit,

3. Somples

The samples studied are listed in table 1. Column 1
of this table lists the mineral or chemical name,
colomn 2, the empirical [ormula, and column 3, the
source of the material. Throughout this paper, sam-
ples will be referred to by the mineral names and syn-
thetic samples will be designated by their composition
unlese it i3 known that the synthetic and natuoral
minerals are equivalent.  In the laiter case the mineral
name will be used. Samples were obtained generally
from two sources, the mineralogical collection of the
Smithzonian Institution and the U.5. Geolsgical
Survey. Ir column 3, designations denoted by nom.
bers correspond to catalog numbers in the Smith-
sonian collection. Origins of specimens obtained
from the U.5. Geological Survey are listed in column 3.
The total number of samples of each mineral type
studied is indicated by the number of listings in
column 3 separated by semicolons. The order in
which the samples are listed in table 1 corresponds 1o
the crder followed in the discossion.

4. Results and Discussion

4.1. Presentation of Data

Data will be presented here as in the previous
report [1]. Compounds are grooped according to
the anion type expected based on the ideas presented
hy Christ [16]. For each compound, observed bands
are tahulated with the type of band designated by the
usual ahbreviations.* Typical spectra are shown only
for a few of the materials and only for the range 1800
cm~! to approximately 300 cm-'.

4.2, Borates With Simple Anlons

In order to assess the extent to which analyses of
the spectra of the hydrated borates can be pursued,
it iz Instructive to consider frst the specira of ham-
bergite, bandylite, teepleite, and pinnoite. These
matetials have known structures with relatively simple
anions. Hambergite contains unhydrated planar BO;?
groups [17, 18] and the formula BesOHBO: repre-
sents the strocture. Both bandylite and teapleite
contain isolated BIOH};' groups and their structures
may be represented by the formulas CuB({OH)C] and
Na;BIOH)CL respectively [19, 20, 21].  Pinnoite con-
tains anions of the form [B{OH}WOB{OH)] -2 which can
be considered as resulting from condensing two
B{OH);? growps with the ehimination of HAO [22]. T is
of interest to compare the spectra of these substances
with those obtained in previous studies of the anhy.
drous borates [1] where it was found that boron in

V3= Eong, v=very. b—brand. m—medium, = —weok, ah—ahnubier,
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three-fold coordination could be differentiated by the
strang absorption derived from 34 of the isolated iohs
which generally persisted in the complex anion. It
was found that iriangular boron even in complex
anjpns exhibited broad sirong absorption in the region
1100~130 em' and tetrahedeal boren in the regien
BO-1100 em~'. The » and »; region (600-800 cm -1}
ol the isolated ions also was found osefn] for differ-
entiating these &nion types provided isotope substi-
;l.égun was possible (see ref. 1: figs. 1, 2, 19, and p.
1.
The validity of these conclusions with respect ta
the hydrated borates can be evaluated by considering
the spectra of the hydrates with simple anions shown
in figure 1 and the absorption bands listed in table 2.
In hamhergite the strong band at 1300 cm~' can be
gscribed to v3 and the strong broad band centered at
750 em~! probably arises from Be—O vibrations.
The &00 and 650 em— bands superimposed on the
Be — O band are probably the two components of vy,
and 1y is probably obscured by the Be—( band. The
1155 cm~' band is onexpected. It does not seem
strong enough for a »; band and it is tentablively con-
sidered to be a bending mode involving BeOH.

In teepleite and bandylite the »y bands are ascribed
to the strong bands between 900 and 950 em~'. The
somewhat wezker band at 845 cm™! in teepleite may
arize frum & second component of »; or from v, In
both materials the strong bands at lower frequencies
may he due to v, or 1o an OH torsional mode. In
teepleite 1he bands at 1170 and 1302 em' are quite
strong and might be erroneously considered to he g
fundamentals of 1riangular borate jons. In this
spectrum they are weaker than the 1y for the tetra-
hedral borate group and there is no danger of misin-
terpretation. These bands may reprezent either
combinations or B -~ OH hending modes. In bandylite
the 1255 em~' band is no weaker than the 1 band
and misinterpretation iz possible. From spectral
studies on orthobone acid, however, it secis that this
band mwst probably arses from an OH distortion
vibration [23]

In the pinnoite spectrum the strong broad bands
in the 800-1000 cm~! range are the most prominent
features of the spectrum and presumably are derived
from the antisvmmetrical vibration, vy, of the tetra-
hedral units. The complex zeries of bands below
8H) e~ are probably derived from the original
and w. vibrations. The region ahove 1100 cm™
containg three broad strong bands which are some-
what weaker than the antisymmetrical bands and
are probably the result of B—OH distortion modes.
These bands might easily be assumed to arise from
teiangular boron in & material with an uvnknown anion
and show that interpretations must be made with preat
caution.

{On the hasis of these spectra it must be concluded
that hydration of the horate anions produces spectra
which cannot be interpreted readily from a knowledge
of the apecira of the correzponding anhydrous anion.
Hydration appears to produce absorption bands, some
of which are very strong, throughow the spectra range

TRANSMITTANCE —
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Ficune 1. Fafrared absorption specira of hydrated borates contain-
ing simple gnions.

TanLE 2. Infroced abtorpiion specira of borates with simple aniong

Hapmibergiie Finnnile Teepleite Bandrtite
5 3 Il M 5
0 ale M- 500 ah 440 nhak
J140 wvb 145 mivh 200 aby
145 ssh 2030 b 1202 el 1225 auly
P3N vk 1208 abe (10 3 1080 mvh
1215 mb 935 rob Lk mvh
1155 = 1% abe BAS wn OIS ash
125 w 1050 svb &7 sh 030 wr
LIV ™5 ok 585 rrh 57 =
B45 mrh
225 sh B0l ol il w Wi gk
™ g M ah 351 w 460 avh
T 0w
T m 30w
TEn a1 wah
45 m Sii5 b
S0l m S5 w
B m 5 m
i W 1% mb
A0 m
EELY
S m

studied. Bands apparenily derived from »; modes of
the anhydrous BO;3 and BO;S groups still appear in
the specira of the hydrated anipns. These bands are
very strong and occur in the expecied positions, i.e,,
800-1100 cm~! for tetrahedral boron and above 1100
em—! for triangular boron. However, strong bands
apparenily otiginating from B— OH distortion modes
complicate the speetra, particularly in the region
1100-1400 cm ',

Data on teepleite have been obtained by Plyu=nina
and Kharitonoy [13]. In gross features the spectra
agree reasonably well but there are significant dif-
ferences. For example, they do not report the 1450
or 430 cm~! hands at all and band positions vary up
to 21 cm! for the 845 cmo~! band which they found
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at 866 cm~'. The specirum of pinnoite has been
repotted by Takeuchi [5] with considerable disagree-
ment in the data. Comparison of the various spectra
shows that there are considerable discrepancies in
numbers of hands, band locations, and band contours.

5. Divalent Metal Borates
5.1. The MeD - 3B:05 - cH. O Compounh

The family of divalent metal borates of general
formula 2MeQ-3B,0, -xHo b comprise the minerals
invoite, meverhofferile, eolemanite, fabianite, inderite,
kurnakovite, inderbarite, and hydroboraciie. Ex-
cept for fabianite (2 - 3 - 1) all of these minerals, azs well
as a synthetic strontium {2+3-5) analog of colemanite
were examined during the present study, The infra-
red spectrum for fahianite has been reported by Kuhn
and Moenke [13].  Among the other 2 -3 -x compounds
cerystal structures have been determined for the fol-
lowing: Invoite [25], meyerhofferite [26], colemanite
[27}, inderite [2B, 29], and hydroboracite [30]. These
borates all contain similar anjons built uwp from six-
membered rings formed from alternate boron and oxy-
gen atoms by corner sharing among twoe BOy tetra-
hedra and one BOy sriangle. The oxygen atoma not
shared by two bovon atoms attach a hydrogen to form
hydroxyl groups [16].  I=olated anions, [ByOy- (OH)s]-2
are found in inyoite, meyverhofferite and inderite. In
colemanite and hydroboracite, similar aniona poly-
merize into chains having the formula [BaOy OH): |55,

Typical spectra for spome of these materiale are
shown in figure 2 and the ohserved absorption bands
are listed in table 3. As seen in figure 2, the spectra
are very complex and more than a cursory interpreta-
tion is not possible.  The spectra of inyoite and meyer-

hofferite are very similar with the predominant
features being a strong complex absorption band near
1400 cm~! and a similar band below 1200 ¢em='. The
foxmer band probably is the counterpart of the anti-
symmetric mode for the triangular boren atoms and
the latter band for the tetrashedral horen groups.

TaBLE 3. Infrored absorpiion spectre of 2MeO - 3B00u - XHO

coOmpaunds
Lnyeite Enrmokorie= Inderike 1ndechori=
ELoC L il m
34l n M50 8
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L
Lol b e mvks 1 wb oy mwk
14T mak 14540 muh 1447 muh 1460 msh
X 1400 obr 1410 ob
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1ET» 15k 1My msh
1210 mah 12158 1250 muh 1200 sb
L Hidh » 110 = 1 mb 115 woh
LHG sh 1060 mah 1135 mb 1065 »
L o TS mah 1) Tiride mash
MG 1D ab
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ik abe 50 ab el ob
800 » 7 T m LI
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S
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TasgLe 3. [Iafrared cbsorption specira of ZMeD - 3804 - XH O
compeunds — Continued

TRAMSMIT TAMCE —

Ficure 2. Iafrared absorption apectra of 2ideldy - 38204 - XH2O
compornds.
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Aside from the gross similarity it s not possible to
cotrelate the spectra band for band becausze there
appear to be noticeable shifis of bands hetween the
two specira. These shifts are probably to be at-
tributed to differences in hydrogea hondiag largely
produced by water molecules in the two structures,
the formula of inyoite having 4HsD whereas thar of
meyerhofferite has only one H: i{table 1). The
ooticeable effects throughout the spectral range pro-
duced by this water are the main deterrent to a more
detailed analysis of these spectra. The effect of
polymerization on the isolated anions to farm the chains
in colemanite and hydroboracite can be determined
by comparing their spectra with those of inyoite and
meyerhofferite.  The bands in colemanite and hydro-
boracite are broader and apparently more complex.
In addition, there is a considerable apparent shifting
of bands as might be expected from loss of hydrogen
bonding water and conpling of the anions. The spec-
trurmn of colemanite gives a clear indication that the
stretching vibrations involving the trizngnlar boron
atoms are represented by the band complex near 1300
cin~!. In the spectra of invoite and mevechofferite
the strong bands, just below 1200 em~1 might have been
considered part of the antisymmetric stretch of the
" triangilar borons.  The fact that these bands become
moch weaker in colemanite which contains fewer
B—0OH bends implies that these bands may arise
frorm B—OH bending modes which might be expected
in this frequency range [23]. It should be noted,
however, that the spectrum of fabianite reporied by
Kiihn and Moenke [13] appears to contradiet the
present conclusgions, becanse it exhibits a strong band
near 1142 em-L

Inderite and kurnakovite are polymorphs and their
ppectra correspond very closely as shown by the
tabulated bands. Inderborite, a mixed ecalciom-
magresium compound, &lzo shows a spectrom szmilar
to both the magnesium and the calcium compounds.
The gross features of the spectra of the various
magnesium and ealcium compounds are alse zimilar,
but there are many differences in band positions and
intensities,

Data on all of these maierials, except the synthetic
cotnpound, have been reported by one or more of the
earlier workers [5, 7, 8, 9, 14, 15]. In place of com-
paring the previons data for each material, it is useful
to consider reported result: on colemanite which has
been studied by all these mvestigators. The ire-
quency reange considered is from 6530 ta 1350 cm-!
since this was the range used by Takeuch [5]. In
general appearance, of all five spectra for colemanite
are very similar, but the similarity holds only for the
gross features. Between 650 and 1350 cmn~' Take-
uchi [5] and Moenke [7] report twelve absorption
bands; Plynsoina and Kharitonoy [15], fourteen;
Akhamanova [14], nine; and the presenl work, thic-
teen. Thus the most probable number of bands would
geem to be between twelve and fourteen. However,
the tolals are obtained quite differently by the several
workers. Consider, for example, the 1042 cm*! band

of figure 2 which appears to be distingt and well sep-
arated [rom neighboring bands. Akhamanova [14]
reports a band a1 1050 ¢em~—', Flynsnina and Kharitonov
[15] a strong band at 148 em~! plus two additional
bands at 12 and 1062 cm™, Moenke [7] a strong
band at 1046 ¢! and Takeuchi's [53] spectra indicate
a band at about 1030 ecm~'. In addition to these
uncertainties in band numbers and locations there
are considerable differences in relative intensities
and band contours for many of the bands throughout
the spectrum. The same considerations apply to
comparisons between the present and previons data
on the other members of the 2:3:x borates. Possible
explanations and implications of these facis will he
discussed later.

5.2, The Mol 3B:0:-XHO Compounds

Compounds studied with the empirical formuola
MeQ-3B,0;-AH;0 are iunellite, nohleite, gowerite,
synthetic aksaite, veatchite, aynthetic calcium-
veaichite [32], synthetic macallisterite [33], and a
synthelic 1:3:47 strontium horate, (M these materials,
the structure is known only for nobleite and lunellits
[34] which are isomorphous. The anion consists of
three six-membered rings forming a [BeOuWOH):]2
unit. The six-membered dngs are the same as those
found in the 2Me( - 3B, 04 - XHQ compounds and each
containg two tetrahedral and one rtriangular boron.
The [BeOwiOH):]"? ion contains three triangular and
three tetrahedral horon groups and is unique in that
ohe oxygen alom is common to all three nngs. The
jons are lLinked in sheets through certain of the off-
ring oxygen atoms. The structures of the anions in
the other members of this seres are not yet known,
but it might be expected to be simitar, probably linked
with differing degrees of hydration andfor polymeriza-
tion [16].

Diata obtained on these materials are given in table 4
and typical spectra are shown in figure 3. It would
be expected that these specira should show some
similarities with those of figure 2, since the anions
are built of similar units and indeed there are many
similarities in band positions in the two sets of spec-
tra. However, it was surmised that the coupling be-
tween rings in tunellite would be strong enough to
produce considerable broadening and band overlap.
The reverse situation aclpally oceurs, many bands
being clearly resolved and rvelatively sharp. From
the similarities of the spectra (see data of table 4),
it is clear that nohleite, tunellite, and the synthetic
1:3:47 synthetic strontium borate have similar anions.
Examination of figure 3, shows that it is probable that
gowerite has the same anion on the basis of the sim-
ilarity of the spectra. In gowerite the bands are
sharper and appear 1o be resolved better, a result to
he expected if depolymerization of the anion cceurs
with increased water content. 1t also appears that
veatchite possesses the same anion as tunellite with
band broadening and loss of resolution accompanying
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FIGLRE 3. [frfrared obsorplion specira of Me - 3B:05 - XHO
O MHLT,

the dehydration and polymerization. From the tabu-
lar data itable &), it is clear that the spectra of veatchiie
and synthetic calcium-veatchite are very similar and
the materials probably contain the same anion. The
conclusions with respect to the two magnesium com-
pounds, synthetic aksaite, and synthetic macallisterite,
sre made with much less certainty; but again it
seems probable that these materials also may contain
the same anion with differing degrees of hydration
and polymerizgtion. On the basis of the infrared
spectra aloae, therefore, it 15 concluded that all the
Me(-3B:0: - XHz0 compounds probhably  contain
similar anions. These spectra do not appear to have
been reported previously.

TaBLE 4. [IRfrared abfserpeion spectre of McO - 3B - XH,O
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53 The 2Me0-78,0;- BHO Compounds

Three members of this series were studied, the
data are given in table 5 and spedtra are thown in
figure 4. The marked similarity of the spectra and
the compounds makes it almost cerlain that the anione
are identical. The struclures of the anions are not
known and the spectra are too complex to attempt
iv predict the anion on this basiz alone., There is no
doubt that the anion containz both three-fold and jour-
fold coordinated boron as shown by the strong bands
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near 1400 and 1000 cm~! respectively. In addition
the spectra show a strong resembiance o the previous
spectra  for compounds containing  six-membered
rings of alternate horon and oxygeo atoms, with one
tiangular and two tetrabhedral boron atoms. Conse-
quently, it appears likely that these rings may exist
- in the anipns, The relative weakness of lower fre-
quency vibrations (i.e., below 600 cm~!) in these
specira, however, is an indication that the anions are
nat coupled six-membered rings and it is very unlikely
that the anfons are 3o small that no low frequency
vibrations exist. It is probable that the symmetry of
the anions is sufficiently high that lower frequency
modes are much weaker than in the previou= com-
pounds. Again there do not appear to be any previous
reports of spectra of these materials.

5.4, Miscelloneous Divolent Metol Borates

Data on the 4Cal}-5B.0,-XH:0 compounds are
given in table 6 together with those for preobrazhens-
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Fr-URE 5. Imfrored chrorption spectra of mitcefianeous hydrated

divalent matal borates.

TABLE 6. Infrarsd gbserprion specira of miscedlanepns divalenr
metal borate componnds
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‘kite —3MgO - 5B - 44 Hy(5{?] [35). The spectra are
shown in figure 5. The three materials show evidence
of both triangalar and tetrahedral boron in the strong
bands in the 1300—1400 cm—! and BOO-1000 cm—! re-
gicn respectively. The specira of priceite and ten-
schile are very similar and these materials may contain
gimilar aniens. The apectrum of preobrazhenskite
iz indicative of a large anion with considerable inter-
action between the anion structural units,

From the data obtained here the spectra of pander-
mite and priceite are considered 10 be identical. The
sample of priceite yielded much the better spectrum
of the two specimens, that for pandermite being less
well resolved. However, for each hand found in the
spectrum of pandermite a corresponding band s
ohserved in the priceite with frequencies differing at
most by =1 cm™'. In addition, the same relative
intensity relationships are shown by the bands in the
two materials. It seems possible to conclude that
these materials are most probably identical [36].
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The spectrum of priceite (pandermite) has been
reported by ather warkers [5, 7, 14, 15] and that of
tertschite by Meixner and Moenke [12]. Comparison
of the present and previous results beads to the same
conclusions mentioned earfier. The spectra for a
given material are in superficial agreement. There
are many discrepancies when details are examined.

Data obtained on other divalent metal borates are
given in table 7 with spectra for ulexite and kaliborite
shown in Agure 6. The anions of probertite and ulex-
e are known to be a ring structure containing three
tetrahedra and 1wo triangles with one tetrahedron
being common to both rings [37, 38]. From the tabu-
lated data it is clear that the infrared spectra cor-
rcborate the similarity of the anicns in these materials
probertite and ulexite. The spectrum of kaliborite
15 very poorly resolved in the »3 region for tetrahedral
bhorate groups, but is otherwise similar to the specira
of ulexite. The parabilgardite viclded a very poor
gpectrum and it is suspected that this material was
contaminated with CaC0y; as the 875 and 725 em!
bands strongly resembie the 1z and »4 bands of calcite.

&. Monovalent Matal Borates

6.1. The Me:C - 2805 - XH:O Compounds

Several borates of the type Me( - 2B, 0y - YH:O
were sludied and the data are tabulated in 1able 8.
Typical spectra for tincalconite and potassium tetra-
borate tetrabydrate are shown in figure 7. Morimoto
[39] has determined the structere of borax and found
that the anion consists of isolated [B,0x{OH)]* rings.
Marezio et al., [40] have {found the same anion in potas-
sium tetraborate tetrahydrate. The rings contain
two teiangular and two tetrahedral borate groups joined
at common oxygen atoms. The two tetrahedral groups
are further linked by means of an oxvgen bridge
across the ring, All off-ring oxygen atoms are hy-
drated in horax,

As noted in the previous study the alkali borates
yield very poorly resolved spectra under the conditions
used here. From the tabulated absorption hands it
is noted that ali the matenials show similar specira
and probably all contain the basic [ByOyOH)]"2 anion
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in some state of hydeation or polymerization. The
specimen of K:B.07 - 4Hz0 used was obtained from a
commercially available reagent labeled K:B,Q: - 5H20.
The x-ray diffraction pattern of this compound can be
indexed readily from the unit cell data of Marezio e1
al.. [40] and it has been tabulated as the tetrahydrate.

The previous dma obtained on this group of materials
together with the present data exhubit a confusing
pattern. The spectra for borax of Miller and Wilkin=
[4] and of Moenke [7] agree with each other but differ
considerably from that of Akhamanova [14] and the
present results, Miller and Wilkins [4] reported the
spectrura of K:B,0:-5H:0 which closely resembles
their spectram of borax but differs considerably from
the spectrum of K:Bi:-4H:O obtained here. Take-
uchi’s [2] results for kernite agree well with the present
data but both disagree in many respects with the
results of Moenke [7].  The overall lack of agreement
between the spectra obtained by different workers
appears to be atest for these materials. This
guestion will be discussed later.

6.2, The Me:()-5B:0:-XH:0 Compounds

Data for the minerals ammoniom larderellite and
- ammonioborite [41] and the synthetic 1:5:10 apdium
borate are given in table 9. Representative spectra
are not shown because there is strong absorption and
poor resolution throughout the entive spectral range.
The strong absorption is to be expected in the two
ammonium compounds because they contain the
ionfrared active NH} ion in addition to water of hydra-
tion and a complex borate anion. Christ [16] has
predicted ihat sborgite, larderellite, and ammonio-
borite have the same anion and the data of table 9
confirm this prediction for the ammonium compounds=
with little question. The spectrum of the 1:5:10 syn-
thetic sodium borate differs from those of the am-
monium borates in many details but not in gross
features. Because of the unknown effect of the
NHz ion on the spectra, it is possible that all three
compounds contains similar anions.
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Ficone 8  fafrared absorption specira of ZNagO - 58,04 - THO
COMpoRngs.

6.3. The 3MesO - S5Bx0a - XH .0 Compaunds

Ezcurrite and the 2; 5: X synthetic sodium berates
show rather poor spectra characterized by strong
absorption throughout the spectral ranpe studied.
The sheorprion bands observed are listed in table 10
and hgure 8 shows the spectra for a synthetic and a
natural ezeurrite. It is obvious from figure B thm
despite the rather poor resolution that these materials
are almost certainly the same insofar as the anjons
are concerned. In addition, the fact that, band for
band the frequancies are the same within experimental
error may be interpreted to mean that the materials
are chemically and structurally identical. This con-
cluzion is based on previous studies which showed
that change of anion or crystal structure generally
produces shifting of some bands in the infrared spec-
trum [42]. The close similarity in the spectra of all
three minerals listed in table 10 indicates that the
anions are similar,

TAELE 10, Infrared absorption apevira of 2Me0 SH.04 XH.O

compoknds
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&.4. Miscelloneous Borates

Data for three borates not readily classified with the
previous groups are given in table 11 and the spectra
are shown in fgure 9. The data ior szaibelyite and
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sussexite agree reasonably well with the results ob-
tained by Takeuchi [5] for eamsellite (szaibelvite) and
susgexite and with the results of Plyusnina and Khari-
tongv [15] for ascharite ({szaibelyite). From his
spectra, Takeuchi [5] concluded that the anion in these
compounds was the pyroborate ion while Plynsnina and
Kharitonov, apparently being unaware of Takeuchi’s
earlier work, noted that the spectrum of ascharite
was similar 10 that of LaB0y which contains a tri-
angular borate anton. However, the latter workers
concluded tentatively that the complexity of the
spectrum indicated a more complex ion than the
simple triangular jon [15] Akhamanova independ-
ently arrived at the same conclusion [14]

The structure of this anion has been reported to be
a singly hydrated pyroborate group, with some un-
certainty as to the exact struycture {43] caused by trans-
lation. Tt iz not clear that both borons are coordinated

with three oxygen atoms. However, the speetrum
clearly indicates that thers is no tetrahedral boron
present in the structure. From the sadier work on
the pyroborates [1] it appears that the spectrum of
anhydrous- magnesium pyrohorate becomes consid-
etably less complex in the v: region on hydration but
more complicated in the »: region. Tentative assign-
ments are possible for many of the bands in the spec-
tram of szaibelyite on the basia of the apectrum of
anhydrous magnesivm pyroborate and the known
spectrum of tiangular borate groups. These are
obvious and need not be specified here.

In sodium perborate the anion has heen reported
[44] Lo consist of two partly hydrated tetrahedral boraie
groups connected through peroxide linkages and o

OH._ 0—0._ _OH]|?
have the struciure PN PN
0H o—0 CH

structural formula of sadium perborate may be writlen
Ng[BO:(OHg): - 6H-0. This anion is unlike -any
previously encountered here and itz spectrum is Like-
wise unique as shown in figure 9. In this spectrum
the 35%Q em! band indicztes some nonhydrogen
bended (VH and the hroad strong band between 3500
and 30K} cm ' shows that much of the OH 15 hydrogen
bonded. The weak 164) cm—! band is attributed to
the bending mode of H— O—H, and the mediom broad
kands at 1225 and 1165 em™' to the B—=OH hending
modes plus overtones and combinations. The strong
absorptions at 913 and #45 cm! are derived from the
vy tetrahedral modes and the doublet is indicative
of teirahedral coupling as noted earlier. The strong
broad band at low frequencies probably contains modes
derived from »; and #y of tetrahedral units plos OH
torsicoal modes. The complexity of the band indi-
cates the presence of several ovetlapping bands.
The spectrum for this material has been reported by
Miller and Wilkins [4] with reasonably good agreement
between the data.

The

7. Reliability of Infrared Spectra of Hydrated
Borates

In comparing the spectra of different workers it has
been noted that the agreement was not satisfactory.
It is to be expected that on a given material, the same
infrared bands having similar relative intensities should
be obtained. Some latitude in the exact frequencies
reported (i.e., a few cm~1) and perhaps in the detection
of weak bands might be expected. For the hydrated
borates it is clear that data do not agree to this extent
and it is desirahle to examine possible reasons for the
discrepancies.

The discordance in the data must be traced to one or
more of three sources; first, the matetials themselves;
second, the preparation techniques used to prepare
the materials for study; and third, the actual measure-
ments. Of these three sources the third can probably
be dismissed as a real source of error. There is no
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evidence that any appreciable ervors in band positions
exist between the resnhs obiained on different spee-
trometers. In fact the evidence is that the specirome-
ters agree within experimental error becapse many
stronig bands can be identified in spectira of various
workers which agree within the frequency limita ex-
ected. It is believed, therefore, that the real canses
or the discrepancies are to be attributed to variation
|n the materials or differences arising from technigques
of preparation.

Insofar as the identity of the materials investigated
is concetned, the previous reports give little informa-
tion. Miller and Wilkins used chemical veagems in
their studies [4]. Takeuchi [5] reports that his sub-
stances were carefully selected and were well.devel-
oped crystals of highest pority. Plypsnina and
Kharitonov [15] used single crystals, but Akhamanova
[14] and Moenke [7] give na details of the method used
for selection of their specimens. In the present study
maost of the materials were of the highest purity pres-
ently available as judged by microscopic examination
and x-ray powder diffraction. F must be noted, how-
ever, that neither these methods nor that of selecting
natural single crystals ensures that the specimens are
free of contaminants. If the contarmanants should con-

" sigt of other borates (all of which are strongly active in
the infrared} even in small quantity, it is clear that some
differences in the spectra may result. In addition to
the question of purity, there remains a problem assoei-
ated with the degree of crystallinity of the specimen.
Mast of the borates vield complex spectra containing
many broad, obviously complex bands, containing
unresolved structural details. Experience in this
laboratory has indicated that two specimens of identi-
cal composibon but differing either in degree of
crystallinity or perhaps in perfection of crystallites can
yield apectra which are very similar in gross appear-
ance but remarkably different in detail. Broad feature-
less’ bands frequently show many resolvable details
when the degree of crystallinity of the specimen is
apparently improved. It appears most probable that
discrepancies in the spectra of variovs workers consist-
ing of differences in numbers of bands reported is to be
attributed either 2o actual contamination of the speci-
mens by ather borates (or ather spectrally active chemi-
cal species) or to differences in the crystallinity of the
specimens.

Insofar as the specimen preparation techniques are

" goncerned, the problem of purity is also involved but
in a different manner. Here the concern is with the
actnal identity of Lhe materigls studied because of

- changes in degree of hydration or of interaction with
the alkali halide windows used. The varous workers
used the following techniques of sample study: Miller
and Wilkins and Takeuchi— mulls with hydrocarbon or

" fluorocarbon liquids using salt (NaCl?) plates 4, 5L

. Moenke —pressed pellet technlque using vacuum

formation of KBr pellets [7]; Akbhamanova—film
deposited on XBr plates by evaporation of isobuty]
alcohol  dispersing medium [1415'0 Plyusnina and

Kharitonov—films deposited on KCl or NaCl plates

by evaporation of isopropyl aleoheol [15]; present

work—flms deposited on CsBr plates by evaporation
of CCl.. It iz well known that solids (and in particolar
hydrates) interact with the alkali halides and that the
interaction produces changes in the spectra.  Of the
methods used, it would appear that the mull technique
is the most preferable {rom the viewpoint of lessening
such interactions, the film method next, and the KBr
pellet the most objectienable. In addition to the in-
creased probability of interaction in KBr pellets must
be added the undesirable procedure of subjecting the
hydrated borates to vacuum in the pellet forming
process. Reduction in pressure maght afect the state
of hydraticn of the small quantity of hydrate present.
It seems very probable ihat diferences in positions of
hands observed by different workers may be caused
by shifis due 1o interacticn with the alkali halide
windows used.

In addition to the question of interaction with the
alkali halide there is some uncertainty introduoced
by the mechanical and thermal effecis of the fine
goinding required to produce particles sufhciently
small for infrared stody. As noted earlier, the apectra
for borax, a chemically pore reagent, obtained by
different workers differ radically. C. J. Bowser [45]
has obtained evidence shawing that in KBr pellets,
borax produces the spectrum of tincaleonite, a lower
hydrate. Thus the spectra [or borax of Miller and
Wilkins [4] and Muenke [7] which agree very well
aciually appear to represent iincalconite. Dehydra-
tion of borax can be understood in the KBr pelleting
process but is hard 1o visnalize in the mwll technique,
unless it occurs during grinding. Therefore, it is
necessary 1o include the fine grinding technique among
the details which might produce differences in the
spectra.

It iz concluded that the infrared spectra of the
hydrated horates, at present, are not of acceptable
reliability. The lack of reproducibility is most prob-
ably o be atributed to differences in chemieal
composition and degree of erystallinity and to varying
interactions between the hydrated borates and the
alkali halide windows., Prodoction of definitive
apectra will require aystematic siudy of the effect of
theze disturbances.

8. Identification of Borate Minerals by
infrared Spectroscopy

H. Moenke has studied the infrared spectra of sev-
eral hydrated borate minerals in a series of papers
generally oriented toward differentiating among various
borates [6-13]. As a resolt of his study he concluded
that the spectral method could be used to identily
hydrated borate minerals and has pointed out identify-
ing features in the spectra of various minerals.

It iz clear from the immediately preceding discussion
and the comparisons between spectra made throughout
this report that the present conclusions muost disagree
with the idea of identification by infrared methods.
The fact thai there is a disturbing amounnt of disagree-
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menl between the spectra of various workers at the
preseni time would appear to invalidate the use of
gpectroscopy as a method of identification.  Moreover,
the spectra of moat borates are so complex that it
seems imperative to obtain at least a degree of under-
standing of the origin of the spectral bands hefore
identification of minerals of this type is attempted on
the basis of their spectra. In the case of the simpler
specira, i.e., sussexite, hambergite, stc., identification
by means of infrared spectroscopy is believed to be
possible. However, if such minerals were contami-
nated with other borates {as for example sussexite con-
laminated with szaibelyite} idemification would be
almost impossible.

9. Conclutions

The infrared spectra of the hydrated borates are
considerably more complex than the spectra of the
anhydrous analogues. The increased complexity
arises from the effects of the hydration of the borate
anions and hydrogen bonding between anions. The
effect of the hydrogen bonding appears to produce
noticeable changes in most of the borate anion funda-
mentals and results in complicating the spectrum
throughout the frequency range 04000 em-! studied
here. Thus the effects are by no means restricted o
the region commonly considered to be diagnostic for

As & resull of the increased number of bands the
spectra are frequently poorly resolved and detajled
interpretation appears ta he remote,  Ttis unlikely that
any hydrated borate anion can be identified solely
from its infrared spectrum. However, the previous
conclusions concerning identifcation of three-fold and
fourfold coordinated boron appear to be equally valid
in the hydrated and anhydrous borates. For the hy-
8rated compounds the conclusions are more uncertain
because strong bands near 1200 ¢m~" apparently aris-
ing from B—OH bending modes fall into the region
previously considered as indicative of trigonal borate
groups. Any serious attempt 1o understand the =pec-
tra of the hydrated borates wiil probably require
deuteration as well as boron isotope substitution.

At the present time agreement between specira
ohtained by different invesligators is not considered 10
be satisfactory. The probable causes of the disagree-
ment are believed to originate in differences in the
matetials themselves or from varying degrees of inter-
action with the alkali halide cells used. As a result
of the lack of agreement hetween various workers as
well as the inherent complexity of the spectra it is con-
sidered that borate minerals cannot be identified at this
time on the basis of theit infrared spectra alone.

The author is indebted to E. R, Lippincatt and R. A.
Sehroeder for many discussions concerning the infra-
red data and Lo G. Switzer of the Smithsonian Instita-
tion and K. C. Erd of the U.5. Gevlogical Survey who

furnished the samples which made this study pessible.
The very helpful comments of ). K. Clark and R. C. Erd
of the 0.5 Geological Survey on the structure and
properties of the borate minerals were invaluable,
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