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SUMMARY

This report does not follow the usual research report format, because much of the
experimental work performed under this effort already has been reported or published elsewhere
and is included in the references. The purpose of the present report is to discuss, in a logical
sequence, the present state of knowledge of atmospheric water clusters and their spectral

y absorption in the infrared, and at longer wavelengths. The recent work performed at the
Chemical Systems Laboratory has been combined with that of other workers to give a i
comprehensive overview of the entire subject.

The introductory sections present and discuss spectral data for water vapor, steam
and liquid water. Cluster models and expected vibrational frequencies are discussed next. Water
cluster formation mechanisms are then considered for three kinds of clusters: homogeneous (like
the dimer), ion clusters (ion hydrates) and ion-induced neutral clusters. Measurements of the ion
content of moist air are reviewed. Cluster absorption at longer wavelengths is discussed briefly.
Conclusions are drawn from the combined results of these investigations.
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PREFACE

The work described in this report was authorized under In-House Laboratory
Independent Research (ILIR). This work was started in August 1976 and completed in
September 1978.

Reproduction of this document in whole or in part is prohibited except with
permission of the Commander/Director, Chemical Systems Laboratory, Attn: DRDAR-CLJ-R,
Aberdeen Proving Ground, Maryland 21010; however, DDC and the National Technical Informa-
tion Service are authorized to reproduce the document for United States Government purposes.
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transmission spectra of two gases: carbon dioxide and water vapor. The spectrum of water vapor
is shown in figure 1.
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’ FINAL REPORT: INFRARED ABSORPTION BY WATER CLUSTERS
: : INTRODUCTION. i
¢ g
g E The infrared transmission of the atmosphere is determined primarily by the
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Figure 1. Infrared Transmittance of Water Vapor

Two regions of high transparency, often called *“atmospheric windows”, are well
defined at 3-5um and at 8-13 um, with strong water vapor absorption at most other
wavelengths. Infrared hardware for most applications must be designed to work in one of these
windows. Thus, on the one hand water vapor defines the wavelengths of hardware operation,
while on the other hand it frequently limits systems performance due to complex effects which
only recently are becoming understood.

There are many examples of infrared hardware systems that operate in, or on the
edges of, the 3-5um and 8-13 um, windows. Thermal night viewers are operable in both |
windows, and at 8-13 um they have the advantage that the blackbody radiation peak falls there
for objects at normal ambient temperatures. Many earth satellite experiments operate in these
] wavelength regions, measuring such things as temperatures of the air or of the earth’s surface,
| 4 humidity, and surface emissivity or reflectivity. High-powered lasers, such as the CO5 laser at

| : ; 10.6 um, depend for application upon the transparency of the atmosphere at their operating
! ! wavelengths.
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II. MOLECULAR CLUSTERING IN WATER.

For a long time it was believed that the atmospheric absorption spectrum of water 4
in the infrared could be explained by the “vapor” only — that is, by the interatomic vibrations
of individual water molecules (figure 2). These molecules have (3N - 6) or 3 vibrational modes,
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4 where N is the number of atoms per mole-
2 cule. These vibrations result in infrared
absorption bands which are centered on 1
several wavelengths, some of which are sum- H H
3 marized in the table. Note that there is very

little shift in these absorbed wavelengths

: between the vapor and liquid phases of o

4 water.
E Figure 2. The Water Molecule

b o e Tl

Table. Absorption Wavelengths Due to Interatomic Bend
Vibrations in the Vapor and Liquid Phases of Water
'{ Band designation A vapor A liquid
um
g ") 2.76 2.90
: "3 6.27 6.10
1 v3 2,66 2.77

The spectrum of liquid water is shown in figure 3. Except for small absorption dips :
near 5 um and 15 um, it is not very different qualitatively from the spectrum of water vapor '
(figure 1). The large, broad absorptions due to interatomic vibrations (see table) are readily
! observed. But there is convincing evidence that, quantitatively, the vapor and liquid phses of

water have very different infrared spectral activities.
MICRONS
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100 “ - -
u F
g, a0 :
E 4
g o
] = 40
- ~
F 4
¢ (S '
‘ % W™ W 000 1800 160 10 1200 10® 80 6% 0 200
oM
Figure 3. Infrared Transmittance of Liquid Water
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In 1965, the author reported' that in the 8-13 um wavelength region equal numbers
of water molecules can have infrared absorptions which are very different. The absorption
depends strongly upon the phase in which the molecules are found. For example, at the 10 um
wavelength, the molecular absorption coefficient of water vapor is only 104 to 103 that of &
film of clean liquid water. It is now known that this behavior is due to the small fraction of
water molecules which are intermolecularly bonded (“‘clustered’) in typical water vapor samples,
compared to those in the liquid phase, which are almost completely bonded together.? In liquid
water, the intermolecular bonds are hydrogen bonds.

In 1966, it was noted that clusters (then assumed to be tiny liquid-like ‘‘droplets’’)
could cause errors in atmospheric radiometry and could be important in the detection of clear-air
turbulence (CAT).? Later, many examples of related phenomena were cited.*

In the visible and near-infrared wavelengths, water vapor and liquid have comparable
absorption coefficients. But as wavelength increases, the ratio of liquid to vapor coefficients
increases reaching values in the hundreds in the 3-5 um window region, and 103 to 104 in the
8-13 um region and beyond. This effect can be appreciated in figure 4, where the thicknesses of
water vapor and liquid samples are shown for 50% transmission at the two wavelengths of
observation — 8.2 um in the vapor transmission window, and 15.0 um, where liquid water has its
peak infrared absorption due to intermolecular (hydrogen) bonds. This comparison illustrates the
order of magnitude of the differential absorption. In figure 4, ‘s’ is the saturation ratio or
fractional relative humidity, and (nc)¢ is the fraction of either phase which is clustered.

THESE VOLUMES CONTAIN
EQUAL NUMBERS OF

$°€
HYDROGEN BONDS K
"
§ == o
VAPOR : tauo| & &

W)
6 ~
1 y
Tm «/ ~ Ml 4~ &

/S m im ;lr/

“PURE"
PARAMETER: WATER VAPOR: LIQUID WATER:
TEMPERATURE, 6, 30°C 30°C
SATURATION RATIO, (s) 0.25 N/A
MASS FRACTION, (n), 104 ASSUMED 1.0
A 8.2um 15.0um
PATH LENGTH (Lm) 9124m 2.06 X 1076m

Figure 4. Comparison of Vapor and Liquid Water Samples
for Equal Absorption
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It has been known for many years that a far-infrared *“‘continuum’ absorption cxists
in water vapor which increases with wavelength to beyond 20 um. Until recently, attempts were
made to explain this absorption using standard or modified vapor models without regard for the
possible existence of other water species such as clusters.

In 1968, infrared spectra of steam were observed which had regularly spaced
“bumps” (figure 5). But the main thrust of this and subsequent work has been to show that the
continuum absorption not only is large, but that it has a quadratic pressure dependence, and that
its absorption coefficient has a small negative temperature dependence. However, it was
recognized for the first time’ that these results were consistent with the idea that intermolecular
hydrogen bonding contributes to the absorption coefficient of water “vapor” in the far infrared.
In 1971, the author first examined anomalous emission spectra of steam in the 8-13 um window
region, and related the observed results to tiny “droplet” (cluster) effects at many wavelengths.®
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DATA
40 2 atm 400°K
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30
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Figure 5. Data of Varanasi, e ai. (Reference §), Showing “Bumps”
(C3),, is the “continuum" absorption coefficient, in
units cm?/molecule-atmosphere of water vapor.




The *‘dimer school” of water vapor absorption’®? was the logical outgrowth of the
idea of hydrogen bonding in water vapor. It was assumed that the dimer, or hydrogen bonded
cluster of size 2, was homomolecular and was an intermediary to all larger clusters. Consequently,
the dimer was thought to be the most prevalent of water cluster species.

But the author’s more recent measurements of the infrared emission spectra of
cooling steam clouds'® * show unusual, stepwise changes corresponding to rather small changes in
cloud droplet mass concentration or temperature. Examples are shown in figure 6. These results
suggest that “avalanche-like” shifts occur in the size and number distributions of clusters in
water vapor, corresponding to changes in environmental parameters. The transitions are not
smooth. Thus, there is evidence for more than one cluster species (the dimer) in these results and
in other data to be discussed in this paper.

Spectroscopists working with liquid water and its solutions long have been aware of
features in the infrared absorption spectrum of the liquid which could not be explained on the
basis of simple interatomic vibrations (figure 2 and table). While clean liquid water has bands
near 3 um and 6 um wavelengths attributable to interatomic vibrations just as the vapor spectrum
does, there are bands peaking at 4.7 um and 15.7 um which have a different origin. Figure 7
shows the infrared absorption coefficient of clean liquid water!! plotted over a wide spectral
range. The “bump” at 4.7 um is attributed to the hydronium ion, (H30"’),12 and the huge peak
at 15.7 um is attributed to intermolecular hydrogen bonding or clustering of water molecules.'?

Hence, liquid water can be thought of as being made up mostly of “ice-like”
lattices'* or clusters. But in water vapor, only a small fraction of water molecules are hydrogen
bonded to form “liquid-like” clusters. In both phases, the nature of intermolecular bonding is
similar. The cluster configurations determine the vibrational frequencies or resonant wavelengths
of particular bonds, and thus their infrared absorption line spectra. The resulting infrared line or
band strengths will depend, first, upon the frequency or wavelength of absorption for given
bonds in given cluster configurations and, second, upon the numbers of each configuration which
are present in the cluster distribution.

III. THE “CONTINUUM’ ABSORPTION.

It is instructive to look at the continuum absorption of water ‘“vapor”, for clues as
to the numbers and kinds of water clusters found in water vapor or in moist air, and their
relationships to humidity and temperature.

Figures 8 a. and 8 b. show the infrared continuum absorption,'® attributed here to
intermolecular bonding between water molecules in the vapor phase. Continuum absorption by
water vapor also exists in the 3-S5 um wavelength region, where it is ten to twenty times weaker
than at 10 um.

*Catlon, H. R.  Variations in Emission Spectra from Warm Water Fogs: Evidence for Clusters in the Vapor Phase. Accepted
for publication in Infrared Physics, approximately December (1978).
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Figure 6. Typical Data from Carlon, Unpublished Paper, Showing Changes in
Warm Water Cloud Emissivity
“‘)\)obs' with changes in droplet mass (volume) concentration, Cp), gm/m3. 6, is
the cloud temperature in Celsius, and L is the optical path length, 3.05 m.}
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b Figure 8 b. Continuum Abscrption Coefficient (Reference 15) for the 8-13 um Infrared
: “Window” Region, Showing the Spread of Experimental Data Obtained There

It can be seen in figure 8 a that the infrared continuum absorption coefficient,
(C‘; )y, increases very rapidly with wavelength, reaching a peak (not shown) beyond 20 um. This d
spectrum is thought to be the envelope of absorption lines due to intermolecular bonds existing E
in the typical distribution of clusters always present in water vapor. This envelope is somehow
related to cluster size and to the distribution of bond vibrational frequencies. Clearly, the _
increase in absorption with wavelength infers that more and more clusters having bonds resonant 4
at these wavelengths become involved as the absorption peak is approached. Furthermore, it is
known that this absorption, and hence the numbers of clusters involved, has a quadratic
(approximately s2) vapor pressure dependence, and that the continuum absorption coefficient has
a negative temperature dependence. It is also known that the smooth curves of figure 8 are only
approximations. The actual spectra have “bumps” as in figure 5 and figure 6.* The spread of
data points in figure 8 b. is evidence for pronounced “bumps” at shorter wavelengths, where
smaller water cluster species should be spectrally active.

2 52, Bl
A
&«

A great many continuum absorption data from many workers have been examined
: by the author, and an ‘equation has been derived which relates the continuum absorption
1 coefficient, (C‘,’)x, (cm2/molecule-atm of water vapor) to the mass fraction, (ny),, of water

*Carlon, H. R.  Variations in Emission Spectra from Warm Water Fogs: Evidence for Clusters in the Vapor Phase. Accepted
for publication in Infrared Physics, approximately December (1978).
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vapor which must be clustered to account for the observed infrared continuum absorption at a
given wavelength.'® The minimum required fraction is:

” (C(s) )AN(S) (po) (nc)g

(NN = T 6% 1017 1

where N refers to the clusters which are spectrally active at wavelength A, (p,) is the water vapor
saturation pressure at some temperature, and (n )y is the fraction of liquid water which is
hydrogen bonded at that temperature (from reference 2).

In order to derive equation 1, the assumption was made that the intermolecular
(hydrogen) bond absorption coefficient for vapor-phase clusters could be approximated from the
peak absorption coefficient of liquid water at the 15.7 um wavelength (figure 7), and that the
nature of clustering was at least similar in both phases so that the result could be extrapolated to
vapor-phase clusters. The results indicate that these were reasonably valid assumptions.

Many continuum absorption data were substituted directly into equation 1 to yield
the result that at a given temperature the roral mass fraction of all clusters of all sizes in the

distribution is given by:

N
(ne)y = 222 (ny)y = K ) )

That is, the result showed that the mass fraction of water vapor clustered as species
responsible for the infrared continuum absorption at some wavelength is equal to the water
vapor saturation ratio (s) times a constant. The actual mass concentration of these species in the
vapor sample would then be the mass fraction times the vapor concentration, or:

(np)y (k) (5) (py)
- Co= (g = * Ox : ©)

= kK ©2 @y

Ok

e 4)

where C, is the species concentration, gm/m3, C, is the water vapor concentration, gm/m3, k is
a gas constant numerically equal to 289, K is an empirical constant from equation 2, and Oy is
the Ceisius temperature.

These results show that at a given temperature, the actual concentration of species
(assumed to be water clusters) responsible for the infrared continuum absorption at some
wavelength is progomoml to (s)2. In other words, it is the concentration of these species that
determines the (s)* dependency of the infrared continuum absorption.

This same analysis also gives an insight into the nature of the temperature
dependence of the continuum absorption coefficient, (C9),.

19
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In recent work at the Chemical Systems Laboratory it has been learned that the
dependence of the cluster fraction upon temperature obeys a function of the Clausius-Clapeyron
form:

AH
Q“(“c’v=((‘)'w (5)

where C is an empirical constant, AH is the latent heat of vaporization of water, and R is a gas
constant - 1.987 gm-cal/mole-°K. When C is evaluated and the equation is rewritten, it is found
that the cluster fraction can be expressed as:

434AH
(ny)y = exp (-1.04 - ——— + n(s) ) (6)

O

Equation 6 has a form not unlike that obtained empirically for the temperature
correction of the continuum absorption by Roberts, efal'® Substitution of (ny), from
equation 6 in equation 1, with rearrangement, yields a new expression:

7.6 x 10717 exp (-1.04 P 4-34——A—")
Dy, = -
Csn (7)
(po) (nC)Q

Equation 7 is plotted in figure 9. The form of equation 7 agrees well with the trend
of recent experimental data obtained by Montgomery.!” Earlier measurements had included only
that range of temperatures below 115°C, represented by the left-hand portion of the curve in
figure 9. Thus, an empirically-obtained temperature correction such as that of Roberts, et al,'*
approximated the slope of the curve for earlier data. Similarly, attempts to assign a constant
cluster bond strength or “binding energy”, (8)e, lead to incorrect approximations at higher
temperatures. It is the change in AH with temperature that accounts for the curve shape in
figure 9.

The latent heat of vaporization of water, AH, is a fundamental thermodynamic
property associated with the energy required to break or to form intermolecular bonds during
the vapor/liquid phase transition. The finding that the infrared continuum absorption coefficient
of water ‘“vapor” can be simply described, as a function of temperature, by an expression
containing AH (equation 7), therefore provides a powerful argument that the anomalous
absorption is due to liquid-like water clusters in the vapor phase.

By insisting upon thermodynamic consistency of the behavior of water in both the
vapor and liquid phases, up to and including the critical temperature (374°C) where these phases
become one, it is possible to gain further insights into the nature of the clustering process. For
example, if (ng), from equation 6 is plotted with the cluster fraction (n)g for liquid water?, it
is found that the clustered fractions of the twa phases converge at the critical temperature. This
is shown in figure 10.

20
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Furthermore, there is evidence that the latent heat of vaporization of water consists l

of two components. One component includes the interattractive forces common to all liquids, {

; while a second (larger) component is associated with the hydrogen bonding which is peculiar to |

- water. This is illustrated in figure 11, where AH is plotted as a function of the weight fraction of f
; “O-H™ in various molecules. Pure water has a fraction of 1.0 (corrected here for the fraction of L
. bonds from reference 2), while nonane represents the 0.0 fraction. In between, various straight |

chain alcohols are represented by different fractions. It can be seen that the latent heat, AH
(which is also temperature-dependent for the data represented) falls rapidly with falling hydrogen
bond content of the molecule, attaining a level typical of many other substances which are not
hydrogen bonded, as the weight fraction of O-H approaches zero.

o |
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4 ° 2 . . . 10 |
nglp |

Figure 11. Latent Heat of Vaporization, AH, Versus Weight Fraction
of “O-H" in Molecule; Liquid Water is at (nc)g = 1.0
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IV. WATER CLUSTER MODELS.

Consider a simple oscillator'® consisting of two masses connected by a bond, as in
figure 12. Envision groups of water molecules “clustered” on either end of the intermolecular
bond which, because of its inherent strength and the magnitude of the masses, is resonant at
some wavelength, A.. The expression for A, becomes:

R e AR

A = 217G, (MiMa_ ) ®
K Ml +M2

——
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where Cy is the speed of light, K is an empirical constant, and My and My are the masses from
figure 12. M i the molecular weight of water, and nj and ny are the numbers of molccules on
cither side of the bond.

Figure 12. Simple Oscillator Model

Substitution in equation 8 gives:

- Ry
Zer/ “I *nz )

Now consider the special case of symmetry, or equal mass on either side of a given
bond. Here, nj=n3 = (c)/2, where (c) is the “size” or number of molecules in the cluster and
(c) = ny + n). Substitution in equation 9 yields:

A=K, V© (10)

where Ky is another empirical constant. This result shows that for cluster symmetry about a
given intermolecular bond, the resonant wavelength of the bond becomes a simple function of
the square root of the cluster size. Exactly such a relationship was found in an examination of
experimental data of many workers, for the vapor phase.'®

From the development to this point it can be seen that if the actual vapor phase
distribution of clusters by size (c) were known, and if Ky could be evaluated, in principle it
should be possible to calculate an approximate infrared spectrum directly for that cluster
distribution, given that the clusters were reasonably symmetrical.

Any agreement between the simple model shown here, and actual data, is surprising
because equation 8 is extremely simplistic. Agreement suggests that only the simplest, most
energetic cluster vibrational modes are associated with the infrared wavelengths, and that the
8-13 um “window” lies near the extreme short-wavelength (high-frequency) end of the range of
cluster spectral activity.

Several kinds of cluster configurations could have symmetrical properties. These
would include straight water molecule chains, clusters in which water molecules were “swarmed”
in a single layer about a central molecule or ion, and, if the cluster size were fairly large, even
closed or ring structures.

For example, the open-structured cluster of figure 13 would have many modes
(frequencies) associated with it. But by simple hydrogen bonding of water molecules at the
extremities to form closed rings, as in figure 14, the frequencies of most bonds would be brought
closer together, and the cluster would be more likely to be characterized by a fairly narrow band
of absorption lines centered on some wavelength.
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Figure 13. Open-Structured Cluster (c =13)
Figure 14. Closed-Ring Structure (c = 13)
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If vapor phase water clusters can grow sufficiently large, they attain a “critical”
cluster size at some supersaturation which is very dependent upon temperature. Typically, the
critical cluster size for a cluster to nucleate a liquid water droplet is about (c) =30 beginning at
i standard ambient conditions. Certain cluster configurations seem to be “favored”. For example,
: the cluster in figure 14 could be considered to consist of three overlapping ‘hexamers”, or
subgroups.

It will be shown ‘presently that the infrared absorption peak for liquid water at

15.7 um (figure 7) can be attributed to hexamer ‘‘clusters” in the liquid phase. Thus, as a

building block in cluster growth and nucleation, the hexamer has much to recommend it. It is

{ known, for example, that water frozen into snowflakes invariably “prefers” hexagonal shapes
| (figure 15).

i
i
k
|

Figure 15. Hexagonal Snowflake Patterns

As cluster growth in the vapor phase progresses toward nucleation, hexamers and
pentamers can combine to form ‘“solids”. The irregular, icosahedral cluster (c =36) shown in
figure 16 is also shown as a solid, where interfacial “points” represent oxygen atoms or whole
water molecules, and edges represent hydrogen bonds. This cluster, in fact, would be a serious
candidate for the actual structure found in liquid water. Liquid water is known to be nearly
completely hydrogen bonded,? and to consist of “icelike” clusters!® of a size large enough to be
stable; that is, able to form the smallest possible liquid “droplets”.
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Figure 16. Irregular Icosahedral Cluster (c = 36)

V.  WATER CLUSTER FORMATION MECHANISMS.

Many uncertaincies exist concerning the kinds of water ciusters to which the infrared
continuum absorption of water “vapor” is attributed. Rather convincing arguments can be made
for each of the following kinds of clusters: (A) homogeneous clusters (example — the dimer),
(B) ion clusters (ion hydrates), and (C) ion-induced, neutral clusters.

While type “A” is always assumed to be homomolecular, types “B” and “C” can be
either homomolecular or heteromolecular depending upon the kinds of ions involved in the
clustering processes. Each of these types or kinds of clusters will now be considered.
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i A.  Homogeneous clusters.

Homogeneous clusters form by simple, sequential reactions between water molecules
which may be represented as:

+H20 +H20
H,0 g===2 (H,0), === (H,0)3 .... an

monomer dimer trimer

Equilibrium constants are such that the expected fraction of th¢ ‘imer formed in ;
water vapor is about 103 to 102 under standard conditions, and the fraction of each larger |
cluster size is about 10-2 that of its predecessor. Thus, expected equilibrium populations of
homogeneous clusters can be represented by a distribution which decreases rapidly as cluster size
increases. For example, the fractions of monomer, dimer and trimer might be about 100, 10-2
E and 104, respectively.

Therefore it is understandable that some workers investigating the infrared con-
3 j tinuum absorption have consistently attributed it to the dimer.5”®? Recent papers continue

| this trend, not only for data taken in the infrared,'® but for data taken at much longer
E ‘ wavelengths including the microwave region.?® Unfortunately, such a simple explanation does
not account for many other kinds of observations which have been made by other workers.*
Attempts to model anomalous water vapor absorption by Boltzmann-like distributions seem
effective at lower temperatures, but break down completely at higher temperatures (see figure 9).

Thus, the dimer may be a contributor to the infrared continuum absorption of
water (perhaps even an important contributor at lower temperatures). But the dimer cannot
account for observed behavior at higher temperatures,!” or for certain other observations which
will be described in subsequent sections of this paper.

B. Ion Clusters (Ion Hydrates).

It is well known that ions in water vapor cluster water molecules about themselves.

‘ Very strong arguments can be advanced to support these species as the water clusters predomi-

9 nantly responsible for nearly all reported observations qf anomalous water vapor absorption in the

infrared, and at longer wavelengths. One major discrepancy exists, however: the numbers of ions

- in water vapor are far fewer than the numbers of water clusters inferred from spectral
" measurements. '

E | There is an alternative explanation which resolves this discrepancy, and this will be
3 : discussed in section V. C. The reader should bear in mind, through the lengthy discussion of ion
: clusters which follows, that while their behavior can be well described, their numbers simply
; | cannot account directly for the observed spectral results.

E | *Carlon, H. R.  Molecular Interpretation of the ir Water Vapor Continuum: Comments, Accepted for publication in Applied |
: Optics 17 (1978).
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Empirical observations show that the fraction of water vapor, (n.)y, which must be

clustered to account for observed infrared continuum absorption, has a very simple relationship
to the ion product of water:

68 (¢c), (s)\/ K.

(ng)y = 1 (12)

where (c), is the mean size of water clusters in the distribution, I is the number of ions per
cluster (nearly always found to be one), and Ky, is the ion product which can be obtained for
any temperature from the relationship:?!

71
Ky = exp (-8.17-—',,5—k6 (13)

The form of equation 13 is not unlike that of equation 6. There are several possible
explanations for this functional dependency of the cluster fraction on the ion product. The ion
product is an equilibrium property of water, like the latent heat of vaporization is, and both can
be reproduced in careful measurements as functions of temperature. Thus, the ability to express
(ng)y reproducibly as a function of the ion product may simply reflect the equilibrium
dependencies of both upon water vapor temperature.

Another possibility is that the apparent dependence of (ng)y on \/Kw exists
(especially at higher temperatures) because dissociative ions of water can, themselves, serve as
ionic “nuclei” for the formation of ion clusters of a homogeneous kind. There is considerable
evidence that this behavior occurs, for example, in superheated steam.

The “reaction” for the formation of ion clusters (ion hydrates) can be written:
I* + n.(H,0) — (I*) (Hy0), (14)

The process by which ion clusters form is shown rather simplistically in figure 17 for
clusters of size c=4. A positive or a negative ion appears in water vapor, and immediately
attracts many monomers to itself. The oxygen atoms of the monomers orient themselves toward
positive ions, and the hydrogen atoms of the monomers orient themselves toward negative ions.
Almost immediately, hydrogen bonding probably also begins between the clustered water
molecules, and between these molecules and the ‘“host” molecule. The ion charge is, of course,
also present to complicate the intermolecular bond strengths. Whether a cluster thus formed can
remain together after the ionic charge is neutralized is a question which will be addressed in the
next section of this paper.

At the Chemical Systems Laboratory, extensive measurements also have been made
of the electrical conductivity of moist air.?>* A sharp dependence of ion content in water
vapor upon temperature has been observed. For example, figure 18 shows the effect of

*Carlon, H.R. Ion Content of Air Humidified by Boiling Water. Submitted to I. Appl. Meterolol. (1978).
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generating water vapor by boiling at 100°C, then cooling the vapor-saturated air to room
temperature before measuring its electrical conductivity and, hence, its ion content. The results
show (1) that water vapor generated at 100°C has about 107 jons per cm? compared to about
300 ions per cm3 in normal room air at 20°C, and (2) that very high ion concentrations can be
retained in moist air during cooling.

Thus, air humidified by steam and then cooled can have ion populations much larger
than normal equilibrium values. The experimental conditions under which the data in figure 6
were obtained were very similar to those just described. Thus, ion cluster species could have
contributed to the “bumps” in figure 6 which were observed to change repeatedly during the
course of the measurements. And, these species could have contributed to luminescence-like
activity which was also observed.*

The number of water molecules per em3 of water vapor is:

Nee
19
(water ~ 1077 (s) (po) (15)
molecules) 0k

and the number of water clusters per cm3 is obtained from infrared measurements already
discussed:

Nec 9.6 x 1018 (s) (p) (np)y

(water
(7]
clusters) @ Ok

(16)

where (ng)y is given by equation 6.

The number of equilibrium ions per cm3 is found from electrical conductivity
measurements to be related directly to the ion product:

N,

cc 5 x 1022 2
(equilibrium = o b, b an
ions) (c)y Ok

And if it were somehow possible to provide enough ions to cluster “all” water molecules in the
vapor (I = 1), the “limiting” number of ions to accomplish this would be:

Nec 5 x 1022 (5)2 (K
(“limiting” = dlhlon L (18)
ions) (©)y 0k

*Carlon, H. R.  Variations in Emission Spectra from Warm Water Fogs: Evidence for Clusters in the Vapor Phuo. Accepted for
publication in Infrared Physics, approximately December (1978).

30




(i, Sy doverai

e

Equations 15-18 are summarized in figure 19, drawn for s = 1.0. This figure shows
quite clearly the magnitude of the “‘discrepancy” between the number of ions per cm3 and the
number of water clusters per cm3 required to account for the observed infrared absorption.
Thus, if ions are involved directly in the formation of water clusters responsible for the infrared
continuum absorption, they must necessarily play an intermediate role as discussed in the next

section.

1020
108
1016
1014
1012
2 1010

108
108

s =10

10
(*) “LIMITING" NUMBER OF IONS
102 REQUIRED TO CLUSTER “ALL"
VAPOR
100 1 1 1 il
° 100 200 300 | a0
o (CRIT)

Figure 19. Plot of Equations 15 through 18

The small arrows in figure 19 indicate that cooling steam can contain enough ions to
cluster (theoretically) “all” water vapor in moist air at room temperature. In actual fact,
measurements®* made under these conditions indicated that a few pereent of the vapor was
clustered (compared to only about 0.01 percent under normal equilibrium conditions). Thus, the
fraction of total water vapor found in water clusters under these experimental conditions
apparently was about the same as the fraction found as droplets in heavy, natural fogs.

Careful studies have actually been performed on some kinds of water ion clusters
(ion hydrates). For example, the size distributions of Pb* clusters have been determined at
300°K for various values of s, the saturation ratio.®? Although nothing is yet known about

*Carlon, H. R.  Variations in Emission Spectra from Warm Water Fogs: Evidence for Clusters in the Vapor Phase. Accepted for
publication in Infrared Physics, approximately December (1978).
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the symmetry or bond geometries in such clusters, it can be scen in figure 20 that the mean (or
modal) cluster size, (c)y,. varies directly with (s) according to:

Where K for Pb* water ion clusters is 6.2, and k is 0.68, for the data of figure 20.

DISTRIGUTION OF LEAD VON-WATER CLUSTERS AT 308°K

os

o
*

FRACTION OF CLUSTERS Pb*(H,0),
e © o e o "
~N » a ~N »

o

Figure 20. Data of Castleman and Tang (Reference 23)

(c), = kin(s) + K

I (s) = 0.78
P, =20
e~ |

f ]

(s} = 0.19
- '“z° = 5§ mm Hg

1 2 3 4 5 (] 7 8 9
NO. OF WATER MOLECULES IN THE CLUSTER, (c)

(19)

For other ions than Pb*, for example for the dissociative ions of water itself, the
formation of clusters is easier and the constants k and K are larger. For example, at 300°K values
of k=1.0 and K=10 are found to produce agreement between theory and measurement.
Equation 19 can be used in a simple derivation with the Clausius-Clapeyron equation to yield:

AH
(c)y = k(2n(py) +Wk -21]1 +K

(20)

where py, is the water vapor partial pressure (sometimes also symbolized by “e”), and the
assumption is made that the latent heat of vaporization of water also can be used to describe the
temperature dependency of the cluster bond energy. Equation 20 is plotted in figure 21 for

k=1.0and K=10.
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Figure 21. Equation 20, Plotted for k = 1.0 and K = 10

Equation 20 and figure 21 thus describe the expected mean size of an ion cluster
distribution (for the constants specified), as a function of temperature and of saturation ratio. If
the cluster distribution is known, and if the numbers and strengths of the intermolecular bonds
in clusters of each size are known, then it is possible, in principle, to compute the infrared
absorption spectrum of the distribution. In fact, the steam spectra of reference 5 (figure 5) and
reference 11 (figure 6) show “bumps” which are distributed in wavelength as shown by
equation 10. In figure 5, the spectral envelope appears to be “draped” over a distribution of
absorption lines which lie at discrete wavelengths and, therefore, should be assignable to discrete
cluster sizes given that the clusters are symmetrical, or at least given that most bonds in a given
cluster have the same vibrational frequencies. On close inspection of the data, it is found that
equation 10 fits the data if, and only if, the value of Ky = 6.4, so that:514*

Ac=64VC 1)

*Carlon, H. R.  Variations in Emission Spectra from Warm Water Fogs: Evidence for Clusters in the Vapor Phase. Accepted for
publication in Infrared Physics, approximately December (1978).
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of In the earlier discussion of the ion product of water, it was shown that onc possiblc
; source of ionic *“nuclei” for water ion clusters is the molecular dissociation of water itsclf, as a
l function of temperature. Specifically, the equations for this dissociation may be written:

$

H,0 = H* + OH" (22a)
Hy0 + H* = H;0* (22b)

The hydronium ion, (H30)+, previously has been mentioned as the probable cause - |8
of the 4.7um band in the infrared absorption spectrum of liquid water'? (figure 3, and |3
figure 7). An ion such as hydronium would provide a third hydrogen bond branch useful in the
formation of complex cluster structures like those shown in figures 13 and 14, where the
hydronium ion is shown darker than the water molecules. This ion is sketched in figure 22,

where the solid lines represent interatomic bonds (as in figure 2) and the dots represent hydrogen
bonds.

Figure 22. The Hydronium lon

E At least in the case of H30"’, the additional mass of a hydrogen atom has negligible
B 2 effect upon the vibrational frequencies of hydrogen bonds in clusters which will be formed about
- ‘ it. There is also evidence that, once formed, a closed or ring-structured cluster can stay together
without the ionic charge, due to its own intermolecular bonding. This will be discussed further in
the next section. Certainly, in the liquid phase, water can be deionized without losing its identity
or showing significant changes in its infrared spectrum. For finite lifetimes, perhaps the same
thing can be said about clusters in the vapor phase.

Beginning with the hydronium ion, which could be considered an “ion cluster of
size one”,”* a sequence of hydrogen ion water clusters can be proposed as shown in figure 23.

| In this figure, the dots again represent hydrogen bonds. A water molecule is added to the cluster
: between each step.

A Interesting correlations begin to appear between cluster structures and the bond
symmetry requirements implicit in equation 21. For example, the cluster of size 13 shown in
figure 13 could have “grown” from a hydronium ion. From equation 9, this vapor phase cluster
' would have at least three different infrared-absorption wavelengths associated with it. But if the

structure closes (figure 14) to form a lower energy ring configuration, equation 21 might be
obeyed.
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C. lon-Induced, Neutral Clusters.

When the formation of an ion cluster (ion hydrate), shown in cquation 14 and
figure 17, is followed by a charge neutralization event, an ion-induced, neutral cluster results.
Such clusters can be formed by many different kinds of neutralization events, ranging from the
simple loss of a charge to collisions between ion clusters of opposite charge, with the resulting
cluster containing the sum of water molecules in both plus two molecules which previously werce
the ions in the respective clusters. The total number of water molecules in a new cluster (c), will
be identical to that in other kinds of clusters, but the “nuclei” will be different.

Because of the added mass of ionic “nuclei” both in ion clusters and in ion-induced,
neutral clusters, the simple empirical relationships of equation 10 and equation 21 become
explicable as the “limiting” case of more complex oscillator models for larger cluster sizes. For
example, it can be shown,*** that if “m” is the mass of the ion or neutral molecule cluster
“nucleus”, the resonant wavelengths are approximated by:

Ac=K V(c-1) when m=~0O (23)

A = K" ££ when m=M : (24)

c+1

2=K"'Vc when m>»M (25)

Thus the form of equation 25 (for “nuclei” much heavier than water molecules)
already has the form of equations 10 and 21 (which were derived from empirical observations),
while equations 23 and 24 approach this form as the cluster size () increases. In effect, clusters
of almest any mass should exhibit this A, = Kv/C behavior, provided that (c) > 1.

Experimental evidence supports the view that ion-induced, neutral water clusters can
have lifetimes which may reach an hour or more, especially in saturated water vapor. This is
thought to happen because intermolecular bonds (including hydrogen bonds) which “cross-link”
a cluster during its formation about an ion are able to hold it, or a larger cluster, together even
if a collision of two clusters occurs. Thus, the size distribution already discussed for ion clusters
like Pb* hydrates may also represent those of ion-induced, neutral clusters, and the latter could
be present in sufficient numbers to explain the infrared continuum absorption. This would also
explain the functional correlation between infrared absorption and electrical conductivity (ion
content) of moist air, while at the same time removing the “discrepancy” between the required

?tl_lmbersg?f water clusters and the numbers of short-lived equilibrium ions producing them
igure 19).

*Carlon, H.R. A Molecular-Cluster (Ion Hydrate) Explanation of the Infrared Water Vapor Continuum Absorption. Submitted
to J. Opt. Soc. Am. (1978).
**Carlon, HR. Empirical Evidence for Clustered Molecules in Water Vapor. Submitted to Applied Optics (1978).




Many papers have appeared in recent years addressing topics related to vibrational
frequencies and force constants of water clusters®?” and liquid water,® ion clusters (ion
hydrates)?*?%2®  and molecular processes in nucleation. *

VI. CLUSTER-SIZE DISTRIBUTIONS.

The homogeneous cluster distribution is dominated by the dimer, and is thought to
look about as shown in figure 24, for water vapor at 20°C, “s” = 1.0:

1016 — 20°C
s =10

1014 e
10'2 |-
1010 |
8
23 108 |-
108 |-
10% |-
102 |-
109
2 3 a4 5
(c)

Figure 24. Number Distribution of Homogeneous Clusters

c

Homogeneous clusters larger than the dimer are present in such small numbers that
they should have a vanishingly small influence on the infrared continuum absorption spectrum of
water vapor. Thus, the dimer would have to “explain’ observed spectra by itself, in the absence
of ion-induced, neutral clusters. The predicted vibrational frequencies for the dimer, however, do
not agree with experimental observations.* Hence, the dimer is probably only a contributor to
the continuum absorption spectrum due to distributions of larger clusters.

Based upon electrical conductivity measurements of moist air, ion clusters (ion
hydrates) are not present in nearly sufficient numbers to account for observed absorption. But
the neutral clusters which they induce could be present in sufficient numbers to explain all
experimental observations. The balance of this discussion will deal with such distributions.

*Carlon, H.R. Molecular Interpretation of the ir Water Vapor Continuum: Comments. Accepted for publication in Applied
Optics 17 (1978).
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! If k = 1.0 and K = 10 in equation 20, the mean cluster size (c), at 23°C (s = 1.0) is
found to be 10. From equations presented earlier, assuming approximate symmetry about (c)y,
the distributions of figure 25 are calculated for ion-induced, neutral clusters. The lower curve
(for s = 1.0) is compared to an upper curve for a supersaturation of s =4.2, which is the value
required under normal ambient starting conditions to nucleate liquid water droplets in a cloud
chamber.¥

B s MRy SR a5

Note that increasing “s” not only increases the mean value of cluster size, (c)y,
according to equation 20, but it also increases the mass fraction of water vapor which is
clustered (equation 6). This insures that by the time that the supersaturation approaches the
critical level, at least a portion of the right hand tail of the distribution of figure 25 will have
attained critical size for nucleation (c> 30), and a stable droplet will grow from each cluster
attaining this size in saturated air, neglecting other influences.

i e i i s i 3
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296°K
s =1.0

Ty "

(ny), MASS FRACTION OF TOTAL WATER VAPOR

D 10 i5 20 25 30 t
(CRIT) '
(c), CLUSTER SIZE

Figure 25. Distribution of Ion-Induced, Neutral Clusters by Mass Fraction
of Total Water Vapor




The cluster number distribution can be obtained simply by rewriting equation 16 for
each cluster size:

(NN)cc 9.6 X 10‘8 (s) (py) (nN)y
(water = O 2 (26)
clusters) N %k

B i U L e

Equation 26 is plotted in figure 26. A contribution is included in the figure for the
homogeneous dimer and trimer (figure 24) as a reminder that these cluster species may play a
role (perhaps a significant role) in the infrared continuum absorption.
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Figure 26. Cluster Number Distribution (Equation 26)
(A also is shown, from equation 21.)

It is also useful to plot, for reference purposes, the total concentrations of water
clusters which are present in moist air at various temperatures and saturation ratios (equation 3),
as shown in figure 27. (ng)y was evaluated from equation 6 (figure 10).
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Figure 27. Total Cluster Concentration (C,), from Equations 3 and 6

VII. WATER CLUSTER ABSORPTION AT OTHER WAVELENGTHS.

The anomalous spectral absorption of water vapor, whick is called the “continuum
absorption” in the infrared, apparently is not limited only to these shorter wavelengths. While a
true continuum of absorption does not exist with increasing wavelength out to the microwave
region, spectral intervals are found where absorption attributed to water clusters (especially to
the dimer) has been found.?® Many measurements have been made®*® in the region from
i 4cm’! to 32 cm’!, where results indicate that at low temperatures the observed levels of
anomalous atmospheric absorption cannot be attributed to water dimers in equilibrium.**
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There is a simple test* to measure the tendency of a substance to form spectraiiy
absorbing intermolecular bonds (i.e., to cluster), which works very well for water in the 8-13 um | 4
region: '

If, at some wavelength, the measured molecular absorption coefficient of a
liquid (e.g., water) is found to be substantially larger than this coefficient for the
liquid’s vapor phase, this is prima facie evidence that intermolecular bonding (cluster-
ing) exists within the samples and that the intermolecular bonds are active in the
absorption at the measurement wavelength.

When this test is applied at longer wavelengths, it predicts water cluster absorp-
tion levels which agree reasonably well with observed results. The test ratio of molecular
absorption coefficients for liquid water and water vapor at wavelength A, (ag/ay)), is shown as a
function of wavelength in figure 28, for 20°C and “s” = 0.43.
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Figure 28. Ratio of Molecular Absorption Coefiicients for Liquid Water
and Water Vapor, Versus Wavelength

The amplitude of the curve is greatest in the 8-13 um region, where greatest
anomalous absorption is observed, and the curve is lower by an average of about 10 to 20 times
in the 3-5um region, again agreeing well with experimental data. In the 4 cm*! to 32 cm'l
region (centered near 1000 um), figure 28 shows levels of predicted anomalous absorption
averaging perhaps a decade below those in the 3-5 um region, but rising at longer wavelengths
(near 4 cm*1), where they approximate those in the 3-5 um “window”.

*Carlon, H. R.  Phase Transition Changes in the Molecular Absorption Coefficient of Water in the Infrared: Evidence for
Clusters. Accepted for publication in Applied Optics /7 (1978).
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VIII. CONCLUSIONS:

The development presented in this paper leads to the following principal conclu-
sions:

1. The infrared continuum absorption of water ‘‘vapor” can be explained as the
absorption due to intermolecular bonds in “liquid-like” clusters of water molecules which are
present in fractions of about 104 to 103 in the vapor phase.

2. The water species responsible for the continuum absorption can be homo-
geneous, and limited to a few molecules (like the dimer). Or, their populations can have mean
sizes of about 10 molecules and can range in size from a few molecules to 30 or more molecules.
The latter kinds include ion clusters (ion hydrates) and ion-induced, neutral clusters.

3. Cluster populations vary as the square of the water vapor partial pressure, and
they decrease in mean size with increasing temperature or with decreasing saturation ratio
(fractional relative humidity). Thermodynamic consistency can be demonstrated in the behavior
of clusters both in the vapor and in the liquid phase from 0°C to the critical temperature
(374°C), where these phases become one.

4. The continuum absorption spectrum consists of lines contributed by modes of
various bonds in clusters with differing configurations and populations which comprise the
overall cluster population. Especially at higher temperatures (e.g., in steam), small bands appear
in the specirum which are spaced as predicted by simple intermolecular oscillator models. These
bands can be observed by absorption or by emission and, in the latter case, frequently are
associated with luminescence-like activity in warm water vapor.

3. Measurements of the electrical conductivity of moist air show that the ion
content increases very rapidly with temperature of vapor generation and that infrared absorption
can, in fact, be accurately modeled as a function of the ion product of water with temperature.
This allows the possibility that, at least at higher temperatures, ion clusters or ion-induced,
neutral clusters which have infrared absorption can be generated by the dissociative ionization of
water, itself.

6. Thus, the nature of cluster absorption should be resolvable in carefully
designed experiments to measure continuum absorption in a multipass optical cell, in the
presence of an electrical field which can be varied with time, where the water vapor is generated
at controlled temperatures and by different techniques.

7. The anomalous spectral absorption of water vapor which is called the
“continuum absorption” in the infrared, apparently is not limited only to these shorter
wavelengths. While a true continuum does not exist with increasing wavelength out to the
microwave region, spectral intervals are found where absorption attributed to water clusters has
been found. For example, the absorption near 4 cm*! can approximate the continuum absorption
in the 3-5 um “window”.
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