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Abstract. The state of the art in methods for the determination
and study of the molecular state of the water admixture in high-
purity volatile inorganic substances used in processes for the
preparation of materials for new technologies is considered.
Primary attention is given to spectroscopic methods in the
IR and microwave regions with the highest information con-
tent. The bibliography includes 182 references.

1. Introduction

Volatile substances have relatively low melting and boiling points,
i.e. they are characterised by typical van der Waals intermolecular
interaction, sometimes with a small contribution from other types
of interaction, e.g., intermolecular hydrogen bonds. A vapour
pressure of 1333 Pa at 500 K can be chosen as a criterion defining
an arbitrary threshold of volatility.! Permanent gases, chlorides
and hydrides of a number of elements and some other substances
are usually regarded as volatile inorganic compounds. The interest
in high-purity volatile inorganic compounds is caused by their
wide application for obtaining many materials for new
technologies. For example, high-purity volatile chlorides and
hydrides are used as starting compounds in manufacturing optical
fibres, semiconductors and optical elements by chemical
deposition from the vapour phase (the CVD technology). In this
case, a high-purity permanent gas usually serves as the carrier.

Among the impurities most frequently encountered in
ultrapure volatile inorganic compounds and most difficult to
remove, water is foremost.2~ 4 This results from the relatively high
concentration of moisture in the starting compounds and in the
technological atmosphere, as well as from the tendency of water
molecules to be adsorbed on the walls of the equipment and even to
diffuse through them at an appreciable rate from the environment
(see, e.g., Ref. 5). Thorough elimination of water from volatile
compounds is frequently complicated by the ability of water
molecules to form rather stable complexes, both with one another
and with molecules of the main compound in the liquid phase and
sometimes in the gaseous phase. Such complexes can initiate
avalanche-like nucleation processes followed by the formation of
suspended ice or gas hydrate particles.
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Strict requirements are imposed on the purity of the starting
compounds and working gases used in the CVD technology for
manufacturing optical fibres and semiconducting epitaxial layers.
For example, the water concentration in the starting reagents
should not exceed 5 x 10™° mol% in order to attain the lowest
optical loss in quartz optical fibres.5 7 Perfect crystalline epitaxial
GaAs layers on silicon can be obtained by the reaction of arsine
with trimethylgallium in a hydrogen atmosphere, provided that the
admixture of water in the reactor does not exceed the same value
of 5 x 107> mol %.® On the other hand, the samples presented at
the Exhibition-Collection of special purity compounds of the
Russian Academy of Sciences, which has been permanently open
since 1974 at the Institute of Chemistry of High-Purity Substances
of the RAS, contain the following mean water concentrations
(mol%): 1 x 10~ in permanent gases, 1 x 1072 in chlorides and
5§ x 107 in hydrides.® Therefore, the preparation of high-purity
compounds with a water admixture below 5 x 10™° mol % is an
urgent problem. At present, a demand is already felt for
compounds with an overall content of admixtures within
10-6-10-3 mol%.51 Deep dehydration, storage and
transportation of compounds with such a low content of water
involve considerable difficulties.

The development of methods for the preparation of volatile
compounds with a low water content should be paralleled by the
development and improvement of the corresponding analytical
methods. In our opinion, two interconnected problems should be
taken into account when considering the methods for the
determination of water in high-purity volatile compounds: highly
sensitive determination of the water admixture and study of the
state of admixed water, i.e. study of the nature of the chemical
bond in complexes involving water and the thermodynamic
characteristics of these complexes.

The present review considers both these problems for volatile
inorganic hydrides, chlorides and permanent gases. Attention is
concentrated on spectroscopic methods in the IR and microwave
ranges, because of their high sensitivity and the possibility of their
simultaneous application both for analysis and for studying the
molecular state of admixed water.

IX. Determination of water

Many publications, including several monographs and
reviews,!1 - 14 have dealt with problems of water determination in
various media, including high-purity volatile inorganic com-
pounds. Many chemical, physical and physicochemical methods
are known; however, their detection limits are not lower than
107 -5 x 10~° mol %. The coulometric method and the dew point
method are among the most widespread, rather simple methods.
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1. The coulometric method and the dew point method

The coulometric method measures the quantity of electricity
required for the electrochemical decomposition of water in an
analysed volume of a gas.!516 The sensitive element of the
corresponding device contains a sorbent, usually phosphorus(V)
oxide. For this reason, coulometric hygrometers are used only for
analysing compounds that do not react with P>Os or in the cases
where the contribution from the corresponding reaction to the
overall measurement error is insignificant (see Atamanyuk et al., 17
who report a coulometric analysis of gaseous HCI). The detection
limit attainable by this method is (1-5) x 107> mol%.
The coulometric method usually consumes a large amount
(1-3 dm? s—!) of the analysed gas, which is not always acceptable.

A number of other methods for water determination in volatile
compounds have appeared in recent years, such as thermal
oscillometry,!® direct potentiometry,’” cyclic voltammetry 2° and
amperometry.?! However, these methods also suffer to some extent
from the above drawbacks.

The measurement of water concentration by the dew point
method is based on the visual or optical monitoring of the fogging
of a cooled mirror in a stream of the analysed gas.'>!¢ The
temperature, at which dew appears on the mirror, is measured and
the pressure of saturated water vapour corresponding to this
temperature is determined. The detection limit can be as low
as 107% mol%. This method is unsuitable for analysing readily
condensing gases, such as ammonia, certain other hydrides and
hydrocarbons. Various modifications of this method have been
described in Refs 22 and 23.

A novel method for the determination of micro admixtures of
water based on measuring the temperature of the start of
sublimation of a condensate, which is first placed in a definite
volume, has been proposed.?* The authors determined the
solubilit7y of water in liquid nitrogen, which was found to be
4 x 107" mol %. In their opinion, there is no limit to the detection
of water by this method. However, the authors do not report any
comparative analyses or methods for preparing the equipment for
assaying such a low water content.

Other fairly sensitive methods for water determination
include gas chromatography and mass spectrometry.

2. Gas chromatography

Various problems in the application of gas chromatography for
the determination of water in volatile compounds have been
discussed in a number of communications.!l:25-2% Both direct
determination of the water admixture without changing its
chemical form and reaction chromatography are used. In order to
determine water in gases by reaction chromatography, reactions
transforming water into other compounds (most frequently,
ethyne) more convenient for gas chromatographic detection were
used.?®2® Ref, 28 reports an estimation of water content in
ammonia at a level of 10~3~10~% mol % by passing ammonia
through a reactor with calcium carbide. The poor reproducibility
of the results obtained by a one-step technique, i.e. when the
reactor with calcium carbide was directly connected to the
chromatograph, was noted. The error probably appeared because
not all the water could undergo reaction due to the insufficient
reaction rate. In later work the sample was first passed several
times through the reactor and only then analysed.

The determination of water in gases based on its reaction with
calcium carbide is applicable to a wide range of compounds inert
towards calcium carbide, oxide, and hydroxide.

Ref. 30 describes a technique for water determination in vola-
tile hydrides and permanent gases (detection limit:
1 x 107 mol%). The technique is based on the oxidation of
methane by water and the products of its dissociation in a spark
discharge occurring in the reaction vessel. The change of the
amount of methane due to its oxidation is detected by a flame
ionisation detector. The relative standard deviation was
0.01-0.2 in the range of water contents of 1x 1072-
5 x 107° mol%.

The improvement of materials for packing chromatographic
columns made it possible to determine the water admixture
directly in gases without changing its chemical form and to
decrease the detection limit. For example, Snopatin et al.3!
determined the water content in hydrogen sulfide, hydrogen
selenide, arsine, and germane using the selective adsorption of the
hydrides on a Saran charcoal (detection limit: 5 x 10™° mol %).

Preconcentration is also used in gas-chromatographic deter-
minations of the water admixture. Ref. 32 reports the gas-
chromatographic determination of water in high-purity nitrogen
(detection limit: 2 x 107¢ mol%). Water was concentrated by
adsorption in columns packed with cooled (3 °C) Porapack T,
then blown out of the column and detected with a catharometer.
A technique for water determination in ammonia (detection limit:
1 x 107* mol.%) was reported in Ref. 33. The lowest detection
limit of water in nitrogen (2 x 1078 mol%) was attained when
water was concentrated on a sorbent, while gas chromatographic
techniques offered limits of water detection within 10—3 to
10~3 mol %.

3. Mass spectrometry

Similar or even lower limits for water determination can be
attained using mass spectrometry. For example, Ref. 34 reports a
technique for the mass-spectrometric determination of water and
other admixtures in SiHs, HCl and other compounds (the
detection limit was 1 x 10™* mol%). The authors draw attention
to the correctness of the analysis and consider adsorption-
desorption processes in the connecting tubes to the quadrupole
mass spectrometer, the ‘memory’ effect of the ion source, and
various background ion-molecule reactions. All of these questions
are of primary importance for the determination of microamounts
of water in gases. Water can be to a considerable extent adsorbed
on the walls of the injection system and the ion source of the mass
spectrometer, which adversely affects the detection limit. Refs 35
and 36 report results of mass-spectrometric determinations of the
water content in the residual atmospheres of evacuated sealed
vessels. It was noted that the results obtained in different
laboratories are not reproducible. This probably results from the
fact that the vapour pressure in the vessels varied within 0.01 -
0.1 atm, so that from three to ten water monolayers were present
on the vessel walls. The gas was injected into an ion source, whose
volume and surface area were greater than those of the vessel by a
factor of several tens. As a result, adsorption and desorption of
water in the ion source affected considerably the accuracy of the
measurement.

Recent publications deal with the mass spectrometric
determination of water in gases.?”-3® Hydrogen and nitrogen were
added to a sample, which was then ionised at atmospheric
pressure. Water reacted with the N;H™* ion in the ion source, which
resulted in a decrease in the fraction of these ions

N:H* + H;0 - H30* + Na.

The concentration of water was determined from the intensity
of the NoH* ion peak using a quadrupole mass spectrometer. The
authors succeeded in plotting the dependence of water content on
the change in the intensity of the NoH™* ion band in the low
concentration region down to 5 x 1077 mol %. However, no data
were reported to confirm the validity of the above analytical
technique.

Although there are several examples of successful application
of gas chromatography and mass spectrometry for water
determination in volatile high-purity compounds, these methods
have not become widespread. This results from the difficulties in
specimen preparation, the considerable probability of uncon-
trolled substance loss and irreversible transformations of the
analysed compounds in chromatographic columns 3*-4! and/or in
the ionisation chamber.34

Spectroscopic methods do not suffer from many of the above
drawbacks. These methods have high sensitivity, selectivity and
accuracy and provide the possibility of the unambiguous
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identification of components in the sample. A water molecule is
characterised by intense absorption in many regions of the
electromagnetic spectrum. The ‘strong’ lines in the medium IR and
sub-millimeter ranges are the most suitable for performing highly
sensitive analyses.

The quantitative absorption spectroscopic analysis is based
on the relation between the concentration of absorbing atoms and
the change in the intensity of radiation passed through the analysed
medium, i.e., the Bouguer — Lambert — Beer law:

I(v) = Io(v)exp[—k(v)x]. )

Here I(v) and Ip(v) are the intensity of the radiation passed
through the sample and that of the incident radiation, respectively.
The x parameter is related to the concentration of absorbing
molecules #, and the length of the optical path /:

x =nl; )
k(v}is the absorption coefficient,
k(v) = 4 f(v—vo), 3)

where the f(v— vo) function characterises the shape of the spectral
line contour (the Lorentz, Doppler or Voigt profile or their
combination), and v, is the frequency corresponding to the centre
of the absorption line. The 4 parameter is usually called line
intensity, line strength, or integral absorption coefficient.

A= rw k(v)dv, 4)

—00

Analysis of Eqns (1) and (4) shows that the dimensionality of
Aisv[x'], where vis usually expressed as the wave number (cm—2),
and the diversity of measurement units for the concentration and
optical path length predetermines the existence of various units for
A. The relations between these units have been reported, for
example, by Pugh and Rao.*? Some researchers assume that x = 1
in equation (1) (unit concentrations and lengths), and in some cases
the absorption coefficient vy is used, which is measured in recipro-
cal centimetres. The minimum y determined usually characterises
the sensitivity of the spectroscopic method.

Given the known values of 4 or y for a spectral line (band) and
having measured its integral (peak) intensity, one can determine
the desired concentration of the analysed compound. If 4 or y are
unknown, a calibration plot should be used.

Let us consider the main results in determining micro-
amounts of water in volatile high-purity compounds by IR
absorption and microwave absorption spectroscopy.

4. Infrared spectroscopy
Table 1 presents the average and relative integral absorption
coefficients for the main vibrational bands of water molecules in
the gas phase. One can see that the band due to deformation
vibrations, v,, which is the least affected by intermolecular
interactions, has the maximum intensity. Refs 43 and 44 report the
calculated and experimental integral absorption coefficients of
separate lines in the regions corresponding to the stretching and
deformation vibrations. Although the IR region contains the most
intense vibrational-rotational transitions of water molecules,
standard diffraction instruments, even those equipped with
multiple-pass cells, probably do not provide detection limits below
10—* mol %.11:45

In recent years, IR spectroscopy with Fourier transformation
of the spectrum has found wide use. This method has a much
higher sensitivity and selectivity, and its application for
determining water in gases shows much promise. Ref. 47 presents a
procedure for the Fourier-IR spectroscopic determination of
traces of water in gaseous nitrogen and hydrogen chloride
(detection limit: 10—° mol%). Andreev et al4 proposed a
procedure for determination of water in oxygen with a detection
limit of 6 x 10® mol %. According to this procedure, a stream of
the gas to be analysed passes through a multiple-pass cell, whose

Table 1. Integral absorption coefficients (4/cm? atm™!) of the
vibrational —rotational bands in the IR spectrum of water in the gas
phase ¥

Frequency (spectral region)/cm—! Amean (at 300 K)? Arel®
1595 (v2) 277.8 100

3152 (2v) 1.73 0.6
3657 (v1) 10.2 3.7
3756 (v3) 202.3 72.8
2.7 ym 182.8° 65.8
1.9 ym 20.3° 7.3
1.4 pm 16.7¢ 6.0
1.1 pm 1.78 0.6

2 The mean value of A given is based on data from different authors.
b The relative value of 4 is given (the value of 100 corresponds to A4 for the
most intense band, v,). ¢ The overall value of A for all the lines in the
specified range is given.

optical ?ath is 20.75 m. The water concentration was found to be
7 x 107> mol %, this limit being imposed by the capacity of the
device for the drying of oxygen by cryofiltration.”

It was noted above that the limit of water detection in
gases below 10™* mol% cannot be attained by diffraction IR
spectrometers, primarily because of the low resolution of these
instruments. The resolution of the classical molecular
spectroscopic methods in the gas phase is generally restricted by
the instrumental resolution of the spectrometers. This value is as
low as 0.003 cm~! for interferometric spectrometers.*® The
resolution of dispersion spectrometers is normally 0.1 cm—!. For
comparison, the interferometric order of magnitude of the
Doppler width of the stretching -rotational absorption lines of
molecular gasesis 10 =3 cm ~! (in the middle IR region).

1t can be shown #2 that the following relation is valid for the
intensity of the radiation absorbed by a substance (Al) and the
incident radiation (Zo)

Ar

Iy
where dv is the width of the absorption line and Av is the spectral
resolution.

It follows from the above that the use of instruments with a
higher spectral resolution (low Av) makes it possible to decrease
the instrumental detection limit for molecular admixtures.

The creation of more sensitive analytical IR spectrometers
became possible owing to the use of lasers with tuneable
wavelength as radiation sources. Lasers have a higher spectral
power, and the lines generated by them are narrower than the
resolution achieved in dispersion and interference instruments.
For example, Kreuzer et al.*® showed, on an experimental basis,
the possibility of determining water vapour in nitrogen and air
when its content was ca. 1.4 x 10™® mol %, usinga CO laser and an
optical-acoustic detector. The measurements were carried out at a
wavelength of 5.94 um (v = 1683.02cm —1).

The use of a Nd laser makes it possible to record ca. 116
absorption lines of water vapour. The most intense line has an
absorption coefficient of 10—% cm—2 atm~1 (1.7 x 1078 cm—1),50
which allowed the authors %! to attain a ca. 107 mol % detection
limit for the concentration of water in air.

It was proposed 52 to determine the content of water by the
optical-thermal method. A CO laser served as the radiation
source. From an estimate based on the signal/noise ratio, the
practical detection limit for the method is 7.5 x 10~ mol%.

Record-breaking low limits for the detection of water in
various gases were attained using spectrometers based on tuneable
diode lasers. The use of such instruments in molecular analysis
has been reported in Refs 53 — 56.

The authors " managed to determine the minimum width of
lines generated by semiconductor PbS,_,Se,-based lasers, which

= K0 g ©



820

G G Devyatykh, P G Sennikov

was as low as 7 x 1077 cm~! at a wavelength of 5.3 pm. The line
width of the radiation of diode lasers is usually ~ 107 cm~!,
but this is much less than the width of the Doppler contour of
the absorption line, which is, for example, ~10—3 cm~—! near
A = 10 um. On the other hand, the spectral density of the power of
diode lasers is ~10° times higher than that of thermal radiation
sources, which makes it possible to determine the concentration of
molecular admixtures below 107> mol %.

As noted above, the theoretical maximum sensitivity of high-
resolution spectrometers can be characterised by the minimum
detectable absorption coefficient, ymin. The following expression
for this value was found using the data in Refs 58 - 60:

4 J[N]V?
e[

where N = 2hvAf s the power of the quantum noise (Af = 0.5n7 is
the transmission band width of the detection system (Hz); t is the
constant of accumulation time, s; v is the wavenumber, cm~1; and
h is the Planck constant); P, is the power of the incident radiation;
and /is the optical path length, m.

Assuming that Py = 0.71 mW, /=1m, and © = 1 s, and that
a signal/noise ratio of 3+/2 is required for a minimum deter-
mination,’® we obtain y,;;, = 2 x 10~ cm™. A relation is known
between the absorption coefficient and the concentration x (ppm)
of molecules absorbing the radiation, the half-width of the
analytical line (Av), and the pressure in the cell (p).5!

kxp
YSAv

The proportionality coefficient k is determined from the
parameters of the analytical line of the additive in the pure state at
the same pressure p. When the concentration of the additive is x, we
have:

M

_ Ymin AV
T Ay ®

where v, and Av, are the above parameters for the pure additive.

Taking into account the data in Refs 44, 46 and 62, the
YoAvo/Av value for lines in the region of 1600 cm~! (which is
usually chosen as the analytical region for water) can be assumed
to be 20 cm~!. Then, the theoretical minimum water concen-
tration that can be determined by this method is as low as
9 x 10~° mol %.

Relatively few studies dealing with the use of diode laser
spectroscopy for water determination in permanent gases are
known. In Ref. 63, the study was carried out in a multiple-pass cell
with an effective length of 500 m using an analytical line at
1135 cm— . The detection limit was 5 x 107® mol %. In Ref. 64, a
differential method was proposed for water determination in
helium, nitrogen, oxygen, and argon based on the line at
1653 cm—!. Two laser beams were passed through a reference cell
(! = 7cm) containing water vapour at a pressure of 6.7 Pa and then
through a working cell (/ = 28 cm) with a stream of the analysed
gas at a pressure of 1.3 kPa. The instrument was calibrated by the
standard addition method in the concentration range of
2 x 1077 -1 x 10~* mol % for a 2 m absorbing path. Mucha®® used
a simplified version of the instrument described in Ref. 64 for
determining ca. 5 x 107 mol% water in small volumes (of the
order of magnitude of the volume of an integrated microcircuit,
0.01-0.1 cm?3). The undesirable effect of gas liberation due to
adsorption — desorption was eliminated as a result of the short
measurement time ( < 10 ps). In Ref. 66, an admixture of water was
determined in helium serving as the heat carrier for several types
of nuclear reactors. The detection limit was (1 — 6) x 10~° mol %
for the analytical line at 1435 cm~1 with an absorption path of
100 m.

The authors of a work cited above 46 report the determination
of the water admixture in high-purity oxygen, dehydrated by cryo-
filtration,” using the diode laser spectrometer described in Ref. 68.
The analytical line at 1675.17 cm —! was used; the gas pressure in a

flow cell (/ = 1.5 m) was 40 Torr. The minimum measurable
absorption coefficient was 2 x 1077 cm~—!, and the water detection
limit was 8 x 10”7 mol % (the standard deviation was s, = 0.4 for
o0 < 8 % 1077 mol%). These values differ from the above
theoretical limiting values of Ymin and xmin. However, one should
take into account that the diode laser used in Ref. 46 operated ina
pulse mode with an averaging time 1t~ 107 s. Under these
conditions, the corresponding limiting values of the y and x
parameters increase by a factor of ~ 30, according to Eqns (6) and
(8). The difference between the values of y and x predicted and
obtained experimentally 46 is not high if one bears in mind that the
Ymin Was estimated assuming an ideal receiving system.

Table 2. Detection limits cmin (mol%) and relative standard deviations s,
of the water admixture in high-purity permanent gases and hydrides
obtained by absorption diode laser IR spectroscopy together with the
half-widths of the analytical line Av (cm~!) and its broadening
coefficients & (cm ! Torr—1).68.69

Compound  ¢min X105 ¢ (cy,0)? Avx 10? &Ex10°
(0] 0.08 0.4(<8x1077) 0.86 0.24
Ar 0.04 0.17 (1.6 x 10-9) 0.66 0.158
He 0.04 0.11(1.3x 10~%) 0.66 0.158
GeHy 4 0.15(2.0 x 10-5) 0.66 0.158
HaSe i 0.08 (2.0 x 10~3) 32 1.06
NH; 6 0.06 (3.0 x 103 7.2 240

2The s, values refer to the water concentrations specified in parentheses.

Ref. 69 reports a technique for determining a micro admixture
of water in argon, neon, germane, hydrogen selenide, and
ammonia. The analytical part of the instrument was first dried by
passing through it dry oxygen with a water content below the
detection limit of the method (4 x 1077 mol%). The above gases
were analysed by the pumping in — pumping out technique, rather
than in a gas stream. Table 2 presents the water detection limits
and some spectral parameters of the analytical line.

One can see that diode laser spectroscopy makes it possible to
obtain record-breaking low water detection limits in nonpolar
high-purity gases, including those whose molecules are
characterised by considerable inherent absorption in the regions of
the analytical lines of water (germane, ammonia).

An urgent problem is the determination of water in the
condensed phases of low-boiling compounds (permanent gases,
halides, hydrides, etc.) and in volatile compounds that are liquid
under the usual conditions. IR spectroscopy seems to be the most
convenient method for this purpose; however, high- and ultrahigh-
resolution spectroscopic methods cannot be used because of the
strong broadening of spectral lines due to intermolecular
interactions. Increasing the thickness of the absorbing layer used
in the traditional IR spectroscopic method is often also impossible
because of the overlap of absorption bands (in many cases, even
the second- and third-overtones) of the main compound. The
above restrictions should be of little importance when analysing
liquefied monotonic and diatomic permanent gases that are
transparent in the IR region. Low temperatures favour the
disappearance of the rotational fine structure of the analytical
bands of admixed molecules and their narrowing in comparison
with the bands of gases and solutions under the usual conditions.
In addition, liquefaction leads to concentration of a number of
admixtures, so that relatively thin optical layers can be used. In
fact, IR cryospectroscopy has been used successfully for analysing
liquid oxygen and certain permanent gases.”® 7! However, the use
of this method for water determination in the above objects by
measuring the intensities of absorption bands in the regions of
stretching or deformation vibrations is hindered by the very small
solubility of water at low temperatures. In particular, this follows
from the experimental data in Refs 70 and 71. For example, only a
broad band of varying intensity (depending on the degree of
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Table 3. The positions of the maxima of the analytical bands, detection
limits, and standard deviations of the determination of the water
admixture and hydroxyl-containing hydrolysis products in liquid volatile
inorganic chlorides obtained by IR spectroscopy.’-7¢

Chioride  Substance to be viem~! Crmin X 10% St
determined (mol %)

SeCly H>0 1600 10 432
Ge(OH)Cls 3603 80 3.60

SnCly H,0 1586 5 3.23
H,O 3553 6 2.69
H,0 3636 7 3.05

AsCls H:0 1600 5 3.74
H,0O 3659 8 422
As(OH)Cl, 3525 3 2.61

SiCly Si(OH)Cl; (see?) 3670 1-9 -

POCl; PO(OH)CI; (see?) 3200 5 -

2The anticipated hydrolysis products.

drying) in the region of 3000 - 3600 cm!, which corresponds to an
ice solid phase, is observed in liquid oxygen.

Rebiai et al.”? reported that they recorded intense narrow lines
at 3604 and 3707 cm~! in the IR spectrum of liquid nitrogen
exposed to air. These lines were attributed to the stretching
vibrations of water, indicating an unusually high (~ 10~ mol %)
solubility of the latter. It has been noted that such interpretation of
the observed bands is erroneous;’> more likely, they correspond to
the Fermi-resonance doublet of CO; molecules. As noted above,
the solubility of water in liquid nitrogenis 4 x 1077 mol %.24

Refs 7476 describe an IR spectroscopic technique for the
determination of the concentrations of water and/or hydrolysis
products in liquid high-purity germanium, tin, arsenic, silicon and
phosphorus chlorides. Table 3 presents the detection limits found.

Within the scope of an IR spectroscopic study of the
molecular state of the water impurity in liquefied high-purity
volatile inorganic hydrides of Group V and VI elements (see
below), the following estimates of the detection limit of water at
290 K were obtained (mol%):77 ~ 3 x 107* (PH3), ~ 7 x 1073
(AsH3),~ 3 x 107 (H,S)and ~ 2 x 107 (HSe).

5. Microwave spectroscopy
Microwave spectroscopy provides high-resolution spectra of the
purely rotational transitions of molecules (the relative width of
lines in the spectra can be aslow as 107%). The practical application
of microwave spectroscopy for the analysis of mixtures is mostly
restricted by technical factors: only the millimetre range (4-
0.7 cm, 8 —40 GHz), in which the line intensities for the majority of
light molecules are low, has been developed sufficiently. For
water, the most intense rotational transitions (whose intensities
are, however, by one or two orders of magnitude lower than those
in the IR range) are observed in the submillimetre range (107 to
1072 ¢m, 100— 1200 GHz).7®-7

The ‘adoption’ of the sub-millimetre range started about 30
years ago after sufficiently powerful coherent tuneable radiation
sources, the backward wave oscillators (BWO), had been created.
However, the construction of ‘classical’ spectrometers (in which
the useful signal is found from changes in the parameters of the
radiation passed through a sample) on the basis of these sources
did not give the desired result. In fact, expression (6) allows one to
estimate the minimum determinable absorption coefficient for any
‘classical’ spectrometer (CS). For a typical power of a BWO equal
to 1 mW (which is an order of magnitude higher than for diode
lasers), t=1s, and / = 1 m, we obtain v, ~ 107!° cm~! (for a
3v/2 signal/noise ratio). It should be noted that the actual
sensitivity with respect to the absorption coefficient does not
exceed 107 cm~! of separate points of the range % due to the
considerable interference in the ultrahigh frequency region. The

possibilities of the submillimetre spectroscopy were implemented
in a radio-frequency spectrometer with acoustic detection (RAD),
whose principle of operation is analogous to the above optical-
acoustic spectrometer based on a CO-laser.8! In this case, the
expression for the minimum determinable absorption coefficient
has the form 8!

3x10~°
=220 9
Ymin = 5 ©®

For a power of a BWO equal to 1 mW and for a 3v2
signal/noise ratio, we obtain Ymin=10"% cm~—! The actual
sensitivity coincides with the predicted value (ymin = 3 x 108
em~!, see Ref. 81) and can be as high as 107! cm—! when a
resonator cell is used (see Ref. 82). Using formula (8), one can also
estimate the theoretical detection limit for a water admixture on a
RAD. For the analytical line at 556.436 GHz, y0=09 cm—1,7
Av/Avo=10—! (waterinargon ®),and x,;; =~ 1 x 10~7 mol %.

The above method was used for assaying water in certain
volatile inorganic hydrides.®4 When the analysed gas was passed
through a cell, the detection limit was found to be 1 x 16 mol %.
The considerable difference between the theoretical and actual
detection limits results primarily from the design features of the
analytical cell of the spectrometer (the presence of a polymer
membrane which hindered heating of the cell) and the
imperfection of the receiving device, an amplifying microphone.
The following results were obtained:

Hydride NH; GeHgy H»,S HsSe H,Te
xm0 X 10° (mol %) 0.3 0.8 0.6 1 70

Water determination by submillimetre radio-frequency
spectroscopy in volatile inorganic nonpolar silicon and
germanium chlorides was studied in Ref. 85. In order to increase
the sensitivity, a cylindrical multi-mode nontuneable resonator
20 mm in diameter and 300 mm long with two fixed reflectors was
used as the analytical cell. The detection limit in this technique
was 9 x 1077 mol% at a sample pressure of 2.5— 13 kPa. It was
also reported that, at the optimum pressure in the cell (270800
Pa), determination of water at a concentration of 3 x 10~ mol %
is possible. However, this requires that the water background be
diminished by more thorough degassing or by creating a stream of
the analysed compound through the measuring cell. The water
contents (in the molecular form) in high-purity samples of GeCly
and SiCly were (5£0.3) x 107° and (2+0.2) x 10> mol %,
respectively. According to the data in Ref. 85, hydrolysis of the
chlorides in the cell during analysis did not lead to a systematic
error in the determination.

The use of resonator cells in the RAD increases the amount of
radiation absorbed by the sample. It is also a realistic way of
increasing the sensitivity of submillimetre spectroscopy. A gain in
signal intensity by a factor of 3—4 can be attained by using the
water line at 1097 GHz with vy = 2.8 cm~! (see Ref. 79). Note
that the power of radiation sources in the submillimetre range
is 1-2 orders of magnitude higher than that in diode laser
spectroscopy, and the averaging times are much longer (by 2-3
orders).

Thus, although the sensitivity with respect to the absorption
coefficient of submillimetre radiofrequency spectroscopy is
somewhat less than that of diode laser spectroscopy, the sub-
millimetre radiofrequency spectroscopy with acoustic detection
can be used successfully for high-sensitivity assays of water in
volatile compounds, such as inorganic hydrides and chlorides of
subgroup IVA elements that are transparent in the microwave
region. It would be undoubtedly useful to combine microwave
spectroscopy with a ‘pure’ analytic cell (without foreign internal
elements) similar to those used in the ‘classical’ IR spectrometers
(preferably, with retention of the sensitivity of the latter). The first
step in this direction is the creation of a microwave spectrometer
based on coherent spontaneous radiation (CSR), which currently
operates in the 70 GHz region. The expression for the minimum
absorption coefficient determinable by this spectrometer is similar
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to expression (6)6°

4\ [P\
0
where P, =4kTAf is the power of the thermal noise (Af'is the pass
band of the recording system); / is the length of the measuring cell,
whose design is analogous to that of the cell used in diode laser IR
spectrometers.

For a BWO power equal to Il mW, T=300K,t=1sand a
3+v/2 signal/noise ratio, we obtain ymin =8 x 10~ cm—1, which is
somewhat better than for a diode laser IR spectrometer. A
sensitivity of 1 x 107! cm—! has been obtained experimentally in
the region of 37 - 178 GHz.8¢ The analytical possibilities of the a
CSR spectrometer were also studied in this work for the
determination of an admixture of methanol in ethanol. The
detection limit was found tobe 8 x 10~° mol %.

Thus, the combination of absorption IR spectroscopic
methods with thermal and diode-laser radiation sources as well as
microwave spectroscopy in the millimetre and sub-millimetre
regions makes possible highly-sensitive determinations of water
admixtures in gaseous and liquid inorganic compounds. The
preparation of the samples needs particular attention in such
cases.

(10)

III. Molecular state of water

In order to determine the structural and energetic (thermo-
dynamic) characteristics of complexes formed by water molecules
with molecules of the environment, it is necessary to study the
properties of such complexes both in the gas and liquid phases.
Under real conditions in dilute solutions, the concentration of the
complexes is generally low, but they can affect considerably the
physicochemical properties of high-purity compounds.?’
Therefore, preliminary investigation of water-based complexes at
comparable concentrations of the components or at a small excess
of one of them is of great importance. This task is accomplished by
theoretical quantum-chemical methods and experimentally,
primarily by spectroscopic methods.

1. Water complexes in the gas phase

For most of the gases, the depth of the potential well D, is of the
order of magnitude of the translational energy of molecules at the
critical temperature D = kT, where T is the critical temperature.
At T < Ty, the energy of molecular interaction exceeds the
thermal energy, and stable complexes are formed. However, the
number of complexes is strongly dependent on temperature and
pressure. For the equilibrium complex-formation process

B.HA s B + HA (11
the equilibrium constant is expressed as 88
2 \3/2
nB_HA I Dy
= — 12
R (anTu) XPRT (12)

where np_ Ha, ns and nga are the numbers of the corresponding
species in a unit volume in the equilibrium vibrational — rotational
state; Do is the dissociation energy corresponding to this state;

= MgMya
Mgy + Myy’

where M;are molecular masses.

The equilibrium constant is determined experimentally by
microwave spectroscopy by measuring the absolute intensities of
the rotational transitions for two or three participants of reaction
(11) in an equilibrium gaseous mixture. This can give the
dissociation energy of the complex in the zero-point
vibrational —rotational state Dy, which is related to the

dissociation energy De by the expression 8889

D, =Dy+Np)_$hv(B..HA) — N, " 1hv(B)
7 7 (13)

—Np > ihv(HA),

where the second, third, and fourth terms contain sums of the
contributions of zero-point vibrations from all vibrational modes
except those of intermolecular deformation vibrations in the
complex; Ny is the Avogadro number.

It should be noted that the equilibrium constant of reaction
(11) can also be determined purely thermodynamically from the
second virial coefficient. In particular, microwave spectroscopy
was used to study in detail the dimerisation of water. 88

In order to calculate theoretically the equilibrium constant of
reaction (11), one should know the molecular constants of the
complex and its dissociation energy D.. The latter coincides with
the electronic intermolecular interaction energy AE, which is
found by nonempirical quantum-chemical calculations.

Many studies have been devoted to calculations for complexes
of water with light molecules. It is noteworthy that the resulting
values of intermolecular interaction energies AE depend on the
chosen basis set and on the number of corrections introduced
additionally, which are related both to physical effects (allowance
for the correlation energy AF., in the second- and fourth-order
Moeller —Plesset perturbation theory) and the errors in the
computational methods (the superposition error due to
incompleteness of the basis set AEpsse). These problems are
discussed in more detail in Refs 90 and 91 for example.

Table 4 presents the results of a series of studies dealing with
the calculation of the energies of the intermolecular interaction of
water with certain monotonic and diatomic molecules.

According to the data in Refs 93 and 95, water molecules form
linear complexes with molecules of the inert gases, nitrogen, and
carbon monoxide. These complexes can be regarded as hydrogen-
bonded. Detailed calculations of the potential surface of the
HOH...Ar complex showed ** that other orientations of an argon
atom relative to a water molecule are possible, up to a mutually
perpendicular orientation of the symmetry axis of the water
molecule and the Ar—O axis. In the oxygen complex, the
O —0...0H; orientation is preferable. On the whole, calculations
predict that complexes of water with permanent gases are very
weak.

Ref. 100 reports the results of calculations for complexes of
water with hydrides. The calculations were performed in terms of
the widest possible basis set and took the correlation energy into

Table 4. Results of quantum-chemical calculations of energies of
complexes of water and certain permanent gases.

Complex —AE/ Method Ref.
kcal mol—!
HOH...N, 0.9 Self-consistent field 92,93
(SCF), 4-31G
and MINI-4 basis sets
HOH.. Ne 0.1 SCF, 6-31G** basis set 93
with allowance for electron
correlation energy
in the second-order
perturbation theory
of Moeller — Plesset
HOH.. Ar 0.4 ditto 93,94
HOH...CO 1.3 SCF, 4-31G 95,98
and MINI-4 basis sets
HOH...O; 0.9 SCF, 6-31G** basis set 96,97
HOH...H» 0.6 Moeller —Plesset 99

perturbation theory
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Table 5. Results of quantum-chemical calculations of the energies and structures of water —hydride complexes 1%

Complex R/A HA 0/deg. —AE/kcalmol ! —AH 8 [kcalmol —!
CF MP4
HOH...NH3; 3.039 0.955 23 49 6.6 4.7
HOH...PH; 3.928 0.949 3.0 1.6 2.2 0.8
HOH...OH, 2971 0.952 53 4.1 5.3 3.6
HOH...SH3 3.774 0.949 3.4 1.8 2.7 1.3
HSH...OH» 3.619 1.327 3.0 1.9 29 1.5
FH...OH: 2.720 0.922 4.6 7.6 9.1 7.4
CIH...OH, 3.243 1.277 2.2 4.1 576 44

Note. The following designations are used: R is the distance between the X
and Y atoms linked by a hydrogen bond; r is the length of a X—H bond
participating in hydrogen bond formation; 6 is the angle between the
X —H bond and the X —Y line; the structural parameters were calculated
by the SCF method in terms of the 6-31G(d) basis set; CF is the electron
energy calculated by the SCF method in terms of the 6-31 + G(2d,2p) basis

set with the geometry optimised in terms of the 6-31G(d) basis set; MP4 is
the energy with allowance for electronic correlation calculated by the
fourth-order Moeller —Plesset perturbation theory; AH is the enthalpy of
the complex calculated by the method from Ref 101 using the electronic
energy in terms of the MP4/6-31+G(2d,2p) basis and vibrational
frequencies in terms of the 6-31G(d) basis set.

account. These results are given in Table 5, together with the
complex-formation enthalpies and structural parameters of
isolated complexes. The formation of linear H-bonds X —H...Y
was found to occur in all the complexes. The HOH...NHj; complex
(Cs symmetry) is the most stable, while the water dimer (C;
symmetry) is markedly less stable. It should be noted that the
calculated enthalpy of the latter is in good agreement with the
value determined experimentally, 88 whichis 3.7+ 0.5 kcal mol—1.
The structure of the HOH...PH3 complex is similar to that of the
ammonia complex,'%° but the low enthalpy of formation makes it
doubtful if the phosphine — water complex exists at room tempera-
ture. The same conclusion applies to hydrogen sulfide—water
complexes, in which water acts both as a proton donor and a
proton acceptor.

An analysis performed for complexes of hydrides with water
taking into account AE and AH,es values suggests that their
stability changes in the following order:

FH...OH; > HOH...NH; > CIH...OH; > HOH...OH; >
> HSH...OH; > H,S..HOH > HOH...PH;.

A comparative calculation of the structures and energies of
the complexes of CH4 and SiH4 with water '3 in terms of the
6-31G* basis set taking into account the correlation energy showed
that the structures of the complexes of CH4 and SiH,4 with water
differ considerably, which is explained by differences in the
polarity of the C®— —H3* and Si®* —H?%— bonds. The water—
silane complex (AE= —2.4 kcal mol~!) is more stable than the
complex with methane (AE = — 1.3 kcal mol—1).

Despite the considerable progress in the quantum-chemical
computational methods achieved in the recent years, experiment
remains the main source of information about the structure and
energy of weak complexes. High-resolution IR and microwave
spectroscopic methods are used primarily for this purpose in the
gasphase.

Data on the structure of complexes and their potential
surfaces can be obtained by analysing the following spectral
features: appearance of new lines corresponding to the complex
itself; disappearance or displacement of lines of the starting
monomeric components; changes in the intensities of lines
corresponding to the monomers and complexes as a function of
temperature and pressure.

It is convenient to study the above spectroscopic behaviour in
high-resolution spectra, i.e. in the spectra of gases at low pressures
and temperatures. This, in turn, means highly sensitive equipment
is needed. The known methods for studying weak complexes in
the gas phase are usually divided into equilibrium and non-
equilibrium ones, depending on the thermodynamic state of the
complexes under the experimental conditions.

When equilibrium methods are used, one tries to attain the
highest possible concentrations of complexes by performing the
measurements near the liquid —vapour phase equilibrium line.
This approach makes it possible to measure the equilibrium
constant and the enthalpy of formation of the complex. However,
it is used only for sufficiently stable complexes, due to the low
sensitivity of the equipment available at present.

Thomas %4 used IR spectroscopy to study the spectral
characteristics of the H>O...HF gas-phase complex. Three bands
characterising intermolecular hydrogen bonds were found, one
band in the region of HF stretching vibrations, another in the
region of water deformation vibrations, and the third, around
780 cm~!, which corresponds to vibrations of the complex itself.
Estimation of the enthalpy of complex formation gave the value
of —6.2 kcal mol—!, which corresponds to Do= —5.5 and
D.= —7.1kcal mol—1.

This is the only example, known to us, of a detailed study of a
water complex in an equilibrium gas phase by IR spectroscopy in
the traditional version using a diffraction spectrometer.

It was noted in a study cited above# that, for a resolution of
0.5 cm~1, abroadening of water lines at 3803.8 and 3151.9 cm—'in
the region of the stretching vibrations of water was detectable in a
gaseous mixture containing 2.6 x 10~3 mol % H,O. This suggests
that a hydrogen-bonded complex is formed in the gas phase
between the molecules under consideration even at such a low
concentration of water. When the resolution was altered to
2 cm ™!, the broadening of lines did not exceed the instrumental
function. An indirect confirmation that hydrogen-bonded
complexes are formed between water molecules and ammonia and
hydrogen selenide in the gas phase at a water concentration of
10~2 mol % comes from data on the broadening of the analytical
line of water in the region of its deformation vibrations presented
in Table 2. Indeed, under the experimental conditions chosen,*
the width of the absorption bands is mainly determined by the
Doppler and collision broadening mechanisms. Taking into
account the constancy of the Doppler-type contribution and the
gas pressure in the cell, the broadening coefficients, differing by an
order of magnitude, may indicate that the type of interaction in
mixtures containing water in nonpolar gases (the van der Waals
interaction) differs from that in mixtures containing water in polar
gases (specific interaction with hydrogen bonds). As predicted by
calculation (see Table 5), interaction of water with ammonia is
considerably stronger than that with hydrogen selenide.

Thus, new high resolution IR spectroscopic methods, such as
diode laser spectroscopy and Fourier-transform spectroscopy,
show promise in the studies of weak complexes of water in the gas
phase.

Microwave spectroscopy with Stark modulation in the
millimetre range up to 75 GHz was used 195196 to study the above
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Table 6. Molecular constants of water complexes in the gas phase according to microwave spectroscopic data.

Molecule Intermolecular Force constant Dipole Structure Ref.
distance?/A ks/N m—! moment u/D of the complex
H,0 2.05(0..H) 11.7 2.64307 H,0---H—O 112
NH; 2.02(N..H) 14.5 2972 NH;---H—O 113
co 2.407 (C...H) 2.74 — ocC-- -H—O\ 114,115
o H
N M
CO» 2.836 (C...0) 6.4 1.8522 C---0 116
[l NH
o
o}
M A
SO, 2.824 (S...0) 53 1.984 S---0 117
I Su
o)
N
W A
N,O 2.97(N...0) — 1.480 N--- 118
I >m
o
CH, 3.702(C...H) 1.53 0.728 HsC---H—O 119
v
C:H; 2.229 (H...0) 6.5 2.0124 HC=CH--0 120
H
AH
C C \
C2H, 2481 (]]..H) — 1.0943 |----- H—O, 121,122
\
C c H
C _C
CsHs 234 |---H — 1.209 c]----H—0 123
C C
C
/ A
C;3Hs 4.35(C...0) — 0.73 C ----= 0) 124
AN NH
C
_H
HCN 3.139(C...0) 111 — NCH---O 125,126
NH
~N
(CH3);N 1.82(N..H) — 2.37 ——/—N- --H—Q 127
_H
HF 2.662 (F...0) 24.9 4.073 FH---O 128-131
NH
_H
HC 3.215(ClL..0) 12.5 — ClH---0__ 132
H
_H
HBr 3.411 (Br...0) 10.5 — BrH"'O\H 133
I _H
H,NCHO — - 1.05 H—?---O\ 134
NH, H
N> 2.42 (N..H) — 0.833 N==N---H—O 135
_H
Ar 3.398 (Ar...0) 0.90 0.73 Ar---0O 136—138
NH

aThe symbols in parentheses indicate which pairs of atoms correspond to the distances specified.




Spectroscopic determination and study of the molecular state of water in ultrapure volatile inorganic substances 825

H,O...HF complex in an equilibrium gas phase. The composition
of the following equilibrium mixture has been determined!®® at a
pressure of 188 mTorr and a temperature of 238K: nu,0=
1.85 x 10'%, nyE =6.66 x 102, ny,0. ur = 10.03 x 10 m—3; using
Eqn (12), the dissociation energy of the complex was calculated to
be Dy = —8.1 kcal mol—!. The total dissociation energy, D.=

—10.2 kcal mol—1is in good agreement with the values in Table 5
obtained by quantum-chemical calculations, but is markedly
higher than the spectroscopic value, whichis — 7.1 kcal mol 1,104

The rotational spectrum of the H,O..HF complex in the
equilibrium gas phase at low temperatures was first observed in the
submillimetre range of 180-350 GHz on a RAD-type
spectrometer.'%7 In this study '°7 the experimental data (including
those on the excited states of complexes) were considerably
expanded in comparison with the data of previous studies,!9106
the assignment of the previously observed spectral lines was
corrected, and the spectroscopic constants were revised. The
usefulness of studies on the submillimetre spectra of molecular
complexes in equilibrium gas phases was demonstrated.

At present, the methods of microwave spectroscopy are used
quite widely in studies of weakly bound complexes under non-
equilibrium conditions. These methods include primarily
molecular-beam  electroresonance spectroscopy and the
microwave Fourier spectroscopy of a pulsed beam.!981%9 In the
former method, the complexes are formed in a gas, which flows
into a vacuum from a premix chamber containing a mixture of an
inert carrier gas and the gases under study at a pressure of 1 -3 atm
and T=300K. In the second method, the complexes are
generated by a pulsed flow of a gas injected into a Fabry - Perot
resonator at a frequency of ~ 10 pulses per second.

Table 6 presents some molecular parameters of complexes of
water with various proton donors and acceptors found by the
specified methods. One can see that water exhibits proton-
donating properties with respect to the NH3, CO, CO,, C;H4 and
N, molecules. Conversely, water acts as a proton acceptor in other
cases. One of the important molecular constants determined
experimentally is the centrifugal distortion constant Dj. The latter
is linked to the force constant of the vibration of the intermolecular
hydrogen bond by the relation 110. 111
16n° B ;

D; ’

ks = (14)
where B is the rotational constant, u is the reduced molecular
mass of the complex, and # is a correction introduced for
complexes of a given type.

In turn, k; is related to the depth of the potential well of the
complex D, by the expression '

_ 1 2
D, —ﬁksre »

where re is the equilibrium intermolecular distance.

It is evident from the data in Table 6 that the complex of water
with HF has the highest stability. As noted above, the
thermodynamic characteristics of this complex were determined
by microwave spectroscopy.!?® At T = 298 K and partial pressures
of the starting components equal to 1 Torr, ca. 10% of the H,O
and HF molecules are bound in the complex. For comparison, in
the case of HCN and HF (k;=11.1 N m~1), only 5 x 10=4% of the
molecules are involved in complexes.!?3 It is impossible to detect
such complexes under the usual conditions.

Another method for studying experimentally isolated water-
based weak molecular complexes in a nonequilibrium state is IR
spectroscopy with low-temperature matrix isolation, in which a
mixture of a gas or vapour under study and a diluent gas is rapidly
condensed on a support at 4 —20 K.13% 140 [t i5 possible to observe
simultaneously bands of monomers and 1:1 complexes under such
nonequilibrium conditions only at high dilution (when the ratio of
the concentrations of the gas under study and the diluting gas
exceeds 10%). Otherwise, bands corresponding to more complex
associated species manifest themselves as the above ratio
decreases. In addition, the important role of the non-uniform

broadening in matrices makes it difficult to measure the shapes
and intensities of the spectral bands of the complexes and, hence,
to obtain quantitative information about their compositions and
energies. The relative stability of the complex can be determined
qualitatively from the low-frequency shifts of the bands of the
stretching vibrations of water. Table 7 shows the results of studies
on certain complexes of water with various inorganic proton
acceptors, including two hydrides, viz. ammonia and hydrogen
sulfide. It is seen that the band due to the symmetric stretching
vibrations of water (v,) has the highest sensitivity to the electronic
structure of acceptor molecules. Among the compounds studied,
the maximum shift of this band is observed for the complex with
NH3, in agreement with the maximum value of the force constant
of the NHs...H,O complex in the gas phase (see Table 6). The
complex with H,S is less stable than that with ammonia, but is
more stable than the water dimer under the matrix conditions. It is
noteworthy that, according to the results of studies 4% 150 on the
H,S...H,0 complex, hydrogen sulfide displays proton-accepting
properties with respect to water (Table 8).

The resulting HOH...SH> and HSH...OH, complexes have a
linear structure. A number of bands were attributed to the
H,S(H,0), complex.

In complexes with hydrogen halides,!4!-151-156 water also
displays proton-accepting properties. Complexes of water with the
halogens 14%-157-159 and SO, in low-temperature matrices!44 are
likely to be of the donor-acceptor type. Analysis of IR spectro-
scopic data for H>O in Ar, Kr and N, matrices shows that the
complexes of water with krypton are the most stable.

Thus, there are few hydrogen-bonded complexes of water with
light molecules studied by IR spectroscopy in low-temperature
matrices and directly in the gas phase, and complexes of only two
hydrides, NH; and H;S, have been studied. It should be noted that
this is the only experimental evidence that a weak hydrogen-
bonded complex is formed in the case of hydrogen sulfide.

2. Molecular complexes of water in the liquid phase

The interaction of water with the main compound in the liquid
phase is more complex, since it can be paralleled by the association
of molecules of the main compound as a background. To consider
this aspect theoretically, one has to calculate the potential surfaces
not only of the simple 1:1 water —main compound complex but
also of more complex ones, H;0...n B, where n < 4 (in accordance
with the coordination number of the water molecule). An
experimental investigation of association processes in the
condensed phase is very difficult because it is impossible to use
high-resolution spectroscopy. However, much experience has been
accumulated in spectroscopic studies of intermolecular inter-
actions in solutions based on shifts and intensity changes of bands
in the spectra of complexes with various compositions (see, for
example, Refs 160-162). In particular, the IR spectra of
complexes containing a hydrogen bond display bathochromic
shifts Av of the stretching vibration bands of the proton donor in
parallel with an increase in the integral absorption coefficient 4
relative to the spectral parameters of the isolated proton donor.
Many empirical and semiempirical equations relating the Av and
AA values to the stability of complexes characterised by the
enthalpy of formation of the hydrogen bond have been proposed.
The following relation can be taken as an example: 163

! .
AH = (80 4 20) SAH — Y AH
VaH

where vyy and v’y are the frequencies of the stretching
vibrations of an AH molecule in the free state and in a complex,
respectively.

It seems more correct to use the increment of the integral
absorption coefficient, for example in the form of the equation
proposed by logansen, 64

AH = 29A4'72,

(1s)

(16)
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Table 7. Frequencies of the main vibrations of the H2O molecule (cm—1)
in the free state and in complexes with some inorganic molecules
according to the data obtained by IR spectroscopy with matrix isolation.

Inorganic v, Avy V3 Avs V2 Av>  Ref.
molecule
Free state of water, H,O (gas)

3657 3756 1595
Complexes with inorganic molecules
Ar 3638 19 3734 22 1589 6 141
N2 3634 23 3728 28 1597 -2 143
Kr 3628 29 3724 32 1586 9 142
H,0? 3575¢ 63 3710¢ 24 1611¢ -22 141
H,Ob 3634¢ 4 3723¢ 3 1594°¢ 3 141
SO% 3631 7 3723 11 1591 -2 144
NHS 3434 204 3702 32 1625 —36 145-147
H,S¢ 3536 102 — — 1614 —-25 148
Cl5 3637 0.5 3724 10 1587 2 149

2 The water molecule acts as a proton donor.
b The water molecule acts as a proton acceptor.
¢ The v values for complexes in an argon matrix are given.

where AA4'/2 = (4. /m)!"2 — (4")1/2 is the difference between the
integral absorption coefficients (in 10* cm mmol=!) of the
molecules bound in hydrogen-bond complexes (liquid phase) and
of free molecules (gas or an inert solvent), and m is the number of
hydrogen bonds.

It is reasonable to estimate the stability of the complexes using
relations such as Eqns (15) and (16) for series of isotypical
compounds under similar conditions.

The solubility of water is an important factor in experimental
studies of the molecular state of water in liquid volatile compounds
by IR spectroscopy. It is lower than the method sensitivity in
liquefied permanent gases and in some polar compounds.
Therefore, it is impossible to detect the changes in the intensity or
positions of the stretching vibration bands of water due to its
interaction with molecules of environment. However, the
molecular state of water in liquid volatile inorganic chlorides of
Subgroup IVA and VA elements has been studied by IR
spectroscopy in sufficient detail.165-167

The IR spectrum of an aqueous solution of germanium
tetrachloride (cy,0 < 10—2 M) in the region of 40001100 cm !
displays bands at 3691, 3603, 2845 and 1600 cm —. 16> The relation
between the intensities of the first two bands was found to be the
opposite to that known from the literature for the v, and v,
bands of water in CCly, an inert solvent structurally related to
germanium tetrachloride. It was concluded that the vibrations of
free water molecules correspond to the bands at 3691 (v;) and
1600 (vo)cm—1.

The small low-frequency shift of the v; band relative to the gas
phase results from van der Waals interaction HOH...GeCly, whose
energy, estimated from the relation between AH and Av proposed

in Ref. 168, was found to be —1.4 kcal mol—!. The band at
3603 cm—! was attributed to the v(OH) vibrations of the hydroxyl
groups in the hydrolysis products, while the band at 2845 cm —! was
attributed to the stretching vibration of the HCl molecule. The
hydrolysis of GeCla in accordance with the simplest scheme

GeCly + HOH & Ge(OH)Cl; + HCI, a7

probably occurs only at low concentrations of water in GeCly
(<10—2 M). When the concentration is increased, the intensities of
the bands at 3691, 3603 and 1600 cm—! increase, while that of the
band at 2845 cm~! decreases. Simultaneously, a series of new
bands appear. Together these facts led the authors 65 to the
conclusion that complex germanium hydroxochlorides Ge(OH),.
.Cly— pand oxochlorides Ge, O, |Cl,,+; are formed in solution.

The equilibrium of reaction (17) was studied directly in liquid
GeCls and in a CCls solution. The hydrolysis constant
K.=1.74 x 1073 3t 20 °C and concentrations of water in the range
10—3-10—2 M, together with its temperature dependence in the
range of 10-60 °C, were determined. It has been shown1% that an
admixture of water in GeCly influences decisively the chemical
forms of microadmixtures of sulfur, selenium, boron, silicon,
aluminium, titanium, phosphorus and carbon.

The IR spectra of water solutions in AsCl; display bands at
3659, 3574 and 1600 cm —! assigned to the v;, v; and v, vibrations of
a water molecule respectively. The v(OH) vibrations of hydroxyl
groups correspond to a band at 3525 cm~!, while the stretching
vibrations of the HCl molecule are observed as a band at
2800 cm—1.167 The energy of the HOH...AsCl; interaction is
somewhat higher than that for GeCly and equals —2 kcal mol—1.
When the concentration of water is below 4 x 102 M, the
hydrolysis follows the scheme

AsCl; + HOH s As(OH)Cl, + HC, (18)

while at higher concentrations, arsenic hydroxochlorides
As(OH),Cl;_, and the oxochloride AsOCIl are formed. The
hydrolysis constant remains unchanged up to a water
concentration of ~ 1072 Mand equals 4.2 x 107 at 20 °C.

The IR spectrum of a solution of water in SnCl, displays
bands at 3636, 3563 and 1586 cm~! assigned to the v5, v; and v,
vibrations of the water molecule.'®6 In contrast to the IR spectra of
solutions of water in GeCly and AsCl; and the spectrum of the
SnCla - n H,O crystal hydrate, the v, deformation vibration band
undergoes a bathochromic shift relative to its position in the gas
phase. Taking into account the much higher intensity of the v, band
compared with those of the v; and v, bands (as in the gas phase),
the authors!%6 concluded that the intermolecular bond in the
H,0...SnCl4 complex, involving an unshared electron pair of the
oxygen atom in the water molecule and the unoccupied orbitals of
the tin atom is of the donor - acceptor type, unlike the hydrogen
bonds between the molecules of H-O and GeCl, or AsCls. The
energy of this interaction was estimated as —2.4 kcal mol—%
Unlike germanium, arsenic, and tin chlorides, the concentration of
free water in liquid silicon tetrachloride is lower than 10—4 mol %,
which is in agreement with the above radio-frequency
spectroscopic determinations of water in SiCly in the gas phase 33

Table 8. Frequencies of the main vibrations (vJjem—!) of H>O and H,S in the free state and in complexes in a nitrogen matrix. 148150

Type of H>0..HSH H>O H2S
vibration H-0 H-S monomer dimer monomer dimer
D A D A

vy 3628.1 2574.2 3634.5 3627.2 3550.0 2619.3 2617.7 2579.0
2570.2

v3 3719.0 2625.0 3726.9 3715.0 3698.8 2632.4 2630.4 2624.7
2623.6

va 1597.9 1597.6 1601.0 1618.6 1179.6 1178.0 1181.5

Note. D = proton donor, A = proton acceptor.
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Table 9. Spectral parameters of the stretching and deformation vibration bands of water in the gas phase, in CCls solutions, and in liquid hydrides at

298 K.l70—l73.l80

Solvent v/em=! A x 108/cm? molecule~! s~!
v Avypz @ v Avip AV vi—v3 v2 Avil, AP Ay x 108 ®

Gas 3657 — 3756 — — 99 1596 — 22.8 25.2

CCly 3616 35 3707 45 — 92 — — 30 —

PH; 3606 60 3696 160 160 90 1598 ~55 84 28

AsH; 3610 ~175 3698 120 170 88 1600 ~50 71 35.5

H.S 3560 ~80 3645 110 ~150 85 1606 42 203 32

H,Se 3555 ~80 3643 105 ~150 88 1600 45 168 33

a The half-width of the vs* overall band at half-height.  The integral absorption coefficient.

Hence, the equilibrium on the hydrolysis of SiCls is almost
completely shifted to the right.

SiCly + nHOH s SiCly . (OH), + nHCI. 19

A similar behaviour of water is observed in phosphoryl
chloride, in which the equilibrium of the reaction

POCI; + HOH s PO(OH)Cl: + HCI,

is also shifted to the right,’® and free water is not detected.

Information about the molecular state of water in liquid
volatile inorganic hydrides of Group IV -VI elements at con-
centrations ca. 10-2-10~3 mol % was obtained by a number of
workers.”>77.170-172 The considerable experimental difficulties
encountered in studying the IR spectra of dilute solutions of water
in hydrides come from the relatively ‘narrow range of existence’ of
the liquid phase of hydrides and their low boiling points (<273 K).
However, IR spectra can be recorded at higher temperatures
(~ 300K for all hydrides except silane, whose b.p. is 269.4K) at
increased pressures, but the cells must then withstand pressures of
several tens of atmospheres. The appropriate experimental
techniques are reported in Ref. 174. As noted above, the very low
solubility of water in liquefied permanent gases at their boiling
points precludes the recording of the bands of dissolved water even
for considerable thicknesses of the absorbing layer (up to
100 mm). It has been shown 7 that the same problems in recording
the bands of dissolved water arise in studies of systems based on
nonpolar silane and germane. In addition, the region of stretching
and deformation vibrations of water includes the rather intense
overtone and combination bands of these hydrides.”

A different situation is observed in the case of dilute solutions
of water in liquid hydrides of Group V and VI elements:!7> 176 the
3400 - 3700 cm ! region displays bands of the antisymmetric (v;)
and symmetric (v,) vibrations of water molecules (similarly to
solutions of water in organic solvents'”” and in liquid volatile
chlorides) and a band due to deformation vibrations (v,); the
integral absorption coefficient of these bands increases approxi-
mately by an order of magnitude compared with that in the gas
phase (Table 9). This suggests that hydrogen bonds are formed
between the molecules of dissolved water and the hydrides. The
estimated energies of intermolecular interactions are presented in
Table 10. For AH, the ranges of values estimated by Eqn (16) are
given,!70-172 since the exact number m of hydrogen bonds formed
by a water molecule with the hydrides in the liquid phase is
unknown. For this reason, the limiting values were adopted — one
and two H-bonds per molecule of water, representing the upper
and lower limits of the strength of the hydrogen bond.

It follows from these data that, first, the stability of com-
plexes of hydrides of Group VI elements with a proton
donor — water — is higher than that of the complexes of Group V
elements. Second, the stability of complexes of hydrides of the
Fourth Period elements is lower than that of complexes of hydrides
of the Third Period elements. It should be emphasised once more
that these conclusions refer to two-component liquid solutions
with a great excess of the proton acceptor. Nevertheless, the trends

(20)

noted above are also observed in the calculated enthalpies of the
hydrogen bond (see Table 5). The AH,gg values for the complexes
of PH3 and H,S fall within the range of experimental values. On the
whole, the above series of the hydrogen bond strengths follow
from the analysis of Avs, the low-frequency shift of the band due to
the stretching vibrations of the proton donor (the HF molecule) in
complexes with hydrides in an argon matrix,!”® although,
according to these data, the complex of phosphine is more stable
than that of hydrogen sulfide. Also, the data obtained do not
contradict the results obtained in studies of the microwave spectra
of complexes of certain hydrides in the gas phase!’® and by
quantum-chemical calculations for such complexes. 80

IR spectroscopy has been used’””17°-172 to determine the
solubility of water in hydrides of Group V and VI elements, which
are correlated with the energy of intermolecular interaction. A
similar relationship was also established for the liquid - vapour
separation factors a in the systems water - hydrides of Group V
and VI elements:”” although the ideal separation factors are much
less than unity, the o value determined experimentally from
solubility data is only a little less than unity for the H,S-H,0
system and is markedly higher than unity for the AsH;—H,0
system. As follows from Table 10, the intermolecular interaction
energies in the systems differ markedly.

According to experimental results,”’ gaseous hydrates stable
up to ~ 305K are formed in saturated solutions of water (water
concentrations of 10! - 102 mol %) in hydrides of Group V and
VI elements. A thermodynamic analysis of the structures of the
hydrates and of the conditions governing their formation in
processes involving the extensive purification of hydrides has been
carried out.!8!

Table 10. Energy characteristics of hydride — water complexes.

Complex Avsfem~! —AHags/ ~AH theor/  Ayjem—!

kcal mol~!, kcal mol—!

according to

data in Refs

77 170-172
HOH..NH; - - — 4.7 913
HOH..PH; 60 1.3 0.4-1.6 0.8 327
HOH...AsH; 58 1.2 0.2-1.2 — 260
HOH...SH» 111 1.9 1.2-2.5 1.3 302
HOH...SeH, 113 2.2 1.0-24 - 299

Notes. Av; is the difference between the frequencies of the stretching
vibrations (v3) in the gas phase and in the complex in the liquid phase;
AH»g is the enthalpy of formation of a hydrogen bond calculated from
spectroscopic data for a solution of H>O in a liquid hydride [from the shift
of the v; band according to Eqn (15)]”7 or determined by the Iogansen Eqn
(16) for m = 1 and m = 2;!70-172 AR theor gre the calculated enthalpies of
the hydrogen bond (see Table 5); Av, is the difference between the
frequencies of the stretching vibrations of an HF molecule in the free
state and in a complex with a hydride in an argon matrix.!78
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Table 11. Positions of the bands (cm~') due to the fundamental
vibrations of water dissolved in organic and inorganic bases with
different donor numbers (DN) according to Gutmann.””. 165-167.182

Solvent vy V3 173 Av DN
Gas 3657 3756 1595 99 —
Trichloro- 3628 3721 - 93 -

trifluoroethane

Carbon 3613 3705 - 92 -
tetrachloride

Tetrachloro- 3613 3705 - 92 0
ethene

Carbon 3610 3701 - 91 2
disulfide

Phosphine 3606 3696 1598 90 -

Arsine 3610 3698 1600 88 -

Chloroform 3607 3690 - 83 4

Germanium - 3691 - - -
tetrachloride

Toluene 3595 3681 86 4

p-Xylene 3592 3680 88 5

Mesitylene 3590 3677 87 10

Nitromethane 3579 3663 1623 84 6

Anisole 3548 3662 114 9

Arsenic - 3659 - -
trichloride

Epichloro- 3542 3653 1621 111 139
hydrin

Benzonitrile 3545 3650 105 11

Hydrogen 3555 3693 1600 88 -
selenide

Hydrogen 3560 3645 1606 85 -
sulfide

Benzaldehyde 3544 3639 95 16

Tin tetrachloride — 3636 - -

Acetonitrile 3543 3636 1632 93 14

Cyclohexanone 3530 3610 80 18

Acetophenone 3535 3612 77 15

Diethyl ether 3518 3590 1628 72 19.2

Dioxane 3517 3584 1639 67 14.8

Dimethyl 3444 3494 1663 50 29
sulfoxide

Pyridine 3405 3450 45 33

A review 177 summarises the main spectroscopic parameters
of water dissolved in various organic solvents. Some of these data
are presented in Table 11. It is seen that an increase in the proton-
accepting capacity of solvent molecules (basicity), characterised
by the donor number (DN) leads to an increase in the low-
frequency shift of the v; and v; bands and a decrease in the
difference between them (the bands of symmetric and anti-
symmetric vibrations approach each other). Liquid chlorides and
hydrides can also be regarded as nonaqueous inorganic solvents.
For example, germanium tetrachloride, phosphine and arsine are
located in Table 11 between carbon disulfide and toluene, arsenic
tetrachloride is located between anisole and epichlorohydrin
(DN =9 - 14), while hydrogen sulfide, hydrogen selenide, and tin

tetrachloride occupy a position between benzonitrile and
acetonitrile (DN = 13 -18).

1V. Conclusion

Modern spectroscopic methods make it possible to solve fairly
complex problems in the determination and study of the molecular
state of water present as an admixture in high-purity volatile
inorganic compounds. The theoretical instrumental limit in the
detection of water by diode laser spectroscopy and sub-millimetre
spectroscopy (10— mol%) is quite sufficient for analyses in
studies on the extensive purification of these compounds. The
detection limits actually achieved are generally one or two orders
of magnitude higher due to methodologology difficulties resulting
from the impossibility of taking full account of all the ways in
which background moisture can enter the substance analysed. The
use of unique apparatus, the long preparation of spectrometers for
analyses, and the use of expensive cooling agents (liquid helium)
make the cost of one analysis rather high.

The optimisation of methods for the removal of water from
volatile compounds and of the processes for the gas-phase
synthesis of materials involving these compounds, as well as
investigation of processes associated with the storage of high-
purity compounds, especially those tending to react chemically,
require data concerning not only the concentration of the water
admixture but also the form of its existence in the gas and liquid
phases. It was shown above that such information has been
obtained for solutions of water in certain liquid high-purity
chlorides and hydrides. However, the data on the stability of the
resulting complexes, their concentration and the mean number of
intermolecular bonds are clearly insufficient. The methods of
diode laser spectroscopy and microwave high resolution spectros-
copy are promising for investigating the mechanism and thermo-
dynamics of complex formation reactions involving water in the
gas phase under equilibrium conditions. However, systematic
studies in this field are so far lacking.

It seems very important from the practical viewpoint to study
in greater detail the effect of the formation of molecular complexes
between the main compound and an admixture in the equilibrium
phases on the quantitative characteristics of the processes in the
interphase separation of admixtures. It is likely that the weak
molecular complexes formed by admixture molecules with those of
the main compound due to specific and non-specific interactions
can be considered as a new class of admixtures in high-purity
substances.

It should be noted that the investigation of the nature of inter-
molecular interaction in such systems and of the dependences of
the characteristics of molecular complexes on the structure of their
fairly simple constituent molecules is outside the scope of the
chemistry of high-purity compounds but is of definite interest for
other branches of chemistry and physics which deal with problems
of the theory of intermolecular interactions, as well as for
biochemistry.
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