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THE INFRARED SPECTRA OF MARGINALLY METALLIC SYSTEMS,
SODIUM~AMMONIA SOLUTIONS

By Tad A. Beckman and Kenneth S. Pltzer
Department of Chemistry and Lawrence Radlation Laboratory

University of California, Berkeley, California

ABSTRACT

The sodium-ammonia solutlion system permits lnvestligation
of an array of composltions spanning the transition from non-
metallie to metallic bonding. Reflection spectra in the range
1 - 20 p were measured for solutlions of mole ratlo 5.5 to 168
NHE per Na. The dilute solutions show peaks characteristilc
of the vibrations of ammonla and a strong peak near 1.5 g which
1s assigned to the solvated Naz species. Concentrated solutions
show high reflectivity over broad wavelength ranges. The
results for nearly saturated solutions are fitted reasonably
by the free electron model, but in the range of mole ratlo
10-15 a complex array of energy absorption processes of finite

frequencies are required to fit the spectra.



While the nature of the transition from lonle to covalent
bonding 18 now well understood, much lesé 18 lmown c¢oncerning
the transition from metallic bonding to either sort of non-
metallio bonding. There are not too many series of compounds
or eolutioh systems‘where the non-metallic to metallic transition
can be observed, but several are now known. Solutions of
metals in liquid ammonla constitute one of the most familiar
and convenlent systems for such a study. In this paper we
report reflection spectra for sodium solutions in liquid
ammonia at concentrations spanning the transition from metal
-to non-netal, and discuss these and other data with respect
to the nature of the electronic binding. Solutions of sodium
metal in liquid ammonia offer a continuously variable composition
from the very dilute to the saturated state above the oritical
temperature -41°C. Phase separation occurs beiow thls temperature.

1

The conductance measurements of Kraus™ demonstrate very well

(1) ¢. A. Kraus, J. Am. Chem. Soc., 43, 749 (1921) and C. A.
Kraus and W. W. Lucassee, J. Am. Chem. Soc., 43, 2529 (1921),
44, 1941 (1922).

that these solutions range in their properties from those of a
rather strong electrolyte (very dilute solutions) to those of a

1iquid metal (concentrated solutions).
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EXRREAIRRERL Jethod And FXeRedk

Transmission measurements have been performed on the very
dilute solutions of sodium in ammonia. However, the infrared
extinction coefficients of these solutions are so large that
transmission spedtroscopy becomes totélly 1mpracticable at
concentrations above about 0.1 molar. Thus, in order to study
these solutions over a wide range of coneehtratichs it was
necessary to employ a reflection technique, the light reflected
from a sultable optical surface being analyzed}speébroscopioally.
These measurements are related to the energy absorption processes
by a somewhat less direct path; but they provide the only
means of inveatigation'in the case of a highly absorbing méteriél.

Refleotion‘might be measured from either the interface
between ammonia gas and the top surface of a solution or the
interface between a sultable optioal window of tranapareht’
material and a solution. The rormér of these involves the problem
of light absorption by the ammonia vapor as well as the problem
of surface disturbances such as bubbling. The latter involves
the ¢omplications tha? very few materials are both trénsparent
in the desired spectral reglon and insoluble in ammonia and,
further, that nany of the usable materials are Susceptible to
thermal shoek bréakage when being cooled to a low temperatufe.
Both methods were tried, but the solution-window interface proved

to be the more satisfactory optical surface for study.
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Apparatus. - The reflection cell 1s 1llustrated In figure 1
and the optical arrangement used with the cell is illustrated
in figure 2. The spectrbphotometer used in this research was
a Perkin-Elmer 1lZ2c¢ equipped with an amplifier of laboratory
design. Lithium fluoride, sodium chloride, &nd potassium
bromide prisms were used with this instrument.

The cell is constructed from two glass tubes. At 1ts top
the inner tube 1s connected to the vacuum syatem through a
spherical Joint; at 1ts bottom this tube 1s bent outward and
sealed through the second glass tube and is ground flat so that
a window can be sealed tightly and held by a steel template and
clamp. The outer tube 18 sealed at 1its top in a ring-seal
around the imnner tubé, while at 1lts base 1¢ 1s closed to a
hemispherical end. The inner tube sgerves as the solution cavity
while the outer tube serves as a coolin; Jacket. Coolant enters
this Jaclket through a glass tube in back of the window area
80 that the window is keptas cold as posgsible. The outer vessel
shown in figure 1 maintains a protective vacuum around the cell
and contains the necessary windows, ete.

In the optical arrangemené, light from a glowbar source was
focuged by an extra set of standard Perkin-Llmer source optilcs.
at the interface between the window and the solution with an
angle of incidence of approximately forty degrees. The reflected
light entered the spectrometer throﬁgh the usual optlcal system

oh the Perkin~Elmer instrument .
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Acetone was the cooling fluid used in these experiments.
The acetonec was pumpéd from a cold reservolr through thp cell
by a centrifugal pump. The reservoiﬁ was cooled by a copper
~ecoll through which acetone in thermal contact with_a_dfy ice.
bath was pumped. A knife_bladé heater was also inserted in
the resarvoir which was regulated to + or -0.5°C. This system
was capable of maintaining a constant temperature of -40°C.

Tor over twenty hours.

The windows which were used with thia reflection ¢ell were
quartz, lithium fluoride, barium {fluoride, and polyethylene
supported by ceslium lodide. The first thfee, at least, are
fairly common infrared materials, of limited transparency.
However, no common window materlal waa.availabie fdr,usé in
contact with liquid ammonia for the spectral region beyond.
twelve microns. For thils region a sgpeclal window was prepared
by sealing a thin polyethylene sheet to a oesium\iodide‘windowQ
Since thiseeal must endure through a rather large temperature
drop, 1t could not be rigid. Consequently, Ke1+F'graase wag used,
and the sheet of plastic was rolled onto the window until most
of the grease was squeezed out. This seal held under vacuum

and did not crack as the temperature was reduced.

Experimental Procedure, - The sdutlons of sodium in liquid

ammonia. were prepared in an atmosphere of ammonia gas at -40°C.
The ammonia was flrst dried by distillation inte a bulb contalining
waste sodium at a temperature of ~70°C. A small amount of
hydrogen was pumped off, The dry ammonia was distilled into the
cold reflection cell by allowing this bulb to warm gradually to

room temperature. Sodlum pellets were added to the ammonla in
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the reflection cell through a glass addition tube sealed into
the vacuum system Just sbove the top plate of the outer vessel.
The pellets were stored in vacuc in slde arms of this addlition
tube so that when the tube was rotated these arms could be
tilted downwards toward the cell, allowing the desired number
of pellets to pass into the ammonia.

Sodium pellets were prepared by cubtting a sclid block of
godium into many small cubes; rejJecting those cubes which had
been at or near the surface of the original blociy this operation,
and 21l subsequent handling of the sodium, was performed under
thlophene free benzene. The cubes were welghed individually
under benzene and were plaoed'in the arms of the addition tube
in known order.A Once the tube was connected to the system, the
benzene was distilled away and the reflection apparatus was
evacuated overnight. S5Since the initial volume of ammonia in
the cell could be read from calibration marks and since the total
welght of sodium in the solution could be derived from the number
of pellets and thelr welghts, the concentration of a glven
solution was known. This concentration was recorded ns dilution
V, the number of liters of ammonia per gram atom of sodium, but it
18 also indicated in terms of the mole ratio. The error should

not exceed 5%.

Analete. oL Results
Theory, of Reflection Sgggggﬁ.a -~ A wave equation for light in

(2) J. R, Partington, An Advanced Treatise on Physical Chemistry,
Vol. IV, Physico-Chemical Optics, Longmans, Green and Company, 1953.
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a trangparent snd leotropic medium of dielectric oqhstant D

can be derived readily from Maxwell's equations. In this relation,
4t ie found that the transverse solutlon wave travels through

the mediuvm with a velocity equal to ¢ (theﬁﬁelocity of light in
vacuo) divided by'f5h where g 18 the magnetic permeability and

1s usually unity. Since it is this ratio of the velocitiés

which defines the refractive index of the material, we see that
the obtical conatants may be related to the electrieal constants
in this way, The refractive index, n, of this simple material

18 equal to the square root of D.

If the material absorbs light but is still isotropic, the
dlelectric constant ie a complex number given by D' = D -.éggi-
Hence; the refractive index of the absorbing medium is also a
compiex number, (n - 1k)2 e D'. Here, n ls the”real.refractive
index while k 1s the absorption coefficlent.

Application of the Helmholtz boundary conditions to the
incidence of a plane wave of light upon a planar surface of this
material gives the following expression for the amplitude
reflectivity {(normal incidence):

n - ik « n ‘ :
= ° (1)
n - ik + no _

where ny is the refractive index of the material in which the
light 1s inoident and the reflectivity gives the ratio of reflected
to incident amplitude. The measurdble quantity is the luminous

reflectivity R which is equal o the value of |r|2-'
s (2)
(n + no) + k

R =
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Thus the observation of reflection is indirectly related to an
observation of absorption; reflection of light must always
accompany the absorption process, belng especlally strong when
the absorption 1s great.

Drude's theofy of dispersion, in turn, relates the micro-~
scople absorption processes to the macroscoplcally observed
optical constants. Drude assumed.that a dielectric materlal
could be plctured as an array of oscillatorg bound to equilibrium
positions and having frequenciles Wy o The displacement of a
given oscillator under the influence of an epplied periodic

field, such as a light wave, 1s glven by the equation of motion:
m(a®x/at?) + my(dx/at) + meix = - oF exp(iwt) (3)

where m is the oseillator mass, x 18 the displacement, Y 18 the
damping constant, w, 18 the frequency of the osseillator, e is

it represents the electric field of the light

the charge and Ee
wave. Since the dlsplacement 1s related to the dielectrio
constant of the materlal, expressions for the optiecal constants
may be obtained.

2 2 2
o (Nyel/m ) (@) - o)
n2 - kz w 1 4 47 ZJ 131 1 1

2 ay\e 2. G

b
~and (4)
2
nk miz‘n’ Z (Niei/mi;’ylw s
o LY 4
1 (cni - o) + Y30

where Ni is the density of each sort of osclllators.
- Drude's formulae may be used even in conslderation of the

free electrons of metals., Since these electrons are unbound,
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éccording to classic¢al notions, they répresent ogcillators of
zZero frequency. The formulae which result from this substitution
predict the optical ¢onstants with good accuracy.

'AvVariety of absorptlion processes In the liquid ammonia-
sodium system will cause reflection of light. For instance,
both bound and free electrons must exist in these solutions.
The bound electrons will producé refleétidn peaks assoclated
with the absorption frequén01es, while the free electrona_will
yield a'genéral reflection in the infrared'with varying intensity.
The vibrational motions of amuonia molecules will also give some
contribution although, because of the larger masses, we expect .

these to be amall in magnitude.

Ob= ,v” S a. - In measuring the reflection spectrum of

 any material one must observe both the reflected and ineident

1nténsitiea or the-spectrum under identical conditionalof,some'

,reflection standard whose optical constants are kmown throughout

the‘ﬂagion of study. In this research 11Quid‘meroury was used
as a aténdard reflector for several reasons. It could be placed

inside of the cell where 1ts reflection spectrum could be taken

under e¢onditions identical to those at which the solutions were

studied. Also; liquid mercury obeys the Drude formulae for a
metallic reflector so that the solutions were compared directly
to a éiéssical metal. No attempt was made in this research to
obtain the optical constants-of these solutlons from the observed
spéctra. Either one would have to make observations at several |
different angles of incildence (which is clearly impractical with

the reflection cell 1llustrated) or one would have to apply the
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3

Robinson and Price method” of calculating the phase angle as a

(5) T. 5., Robinson and W, C. Price, lislecular Spectroscopy, Rept.
Cong., Inst. Petroleum London 13954, 211 (Pub. 1955).

function of wavelength (which would clearly not be accurate in
a case where sbsorptlion spreads over a large region of the
spectrum) . Instead, the reflectlon was indlcated as a percentage
p obtained by dilviding the solution spectra by the corresponding
mercury spectra. |

Plguree 3 and 4 show the spectra taken with the L1F window.
The spectra taken with the quartz window contain no additional

4

information.™ Reglons of 1nténse etmospheric absorption are

(4) Figures showing all of the spectra are included in the Ph.D.
Dissertation of Tad Alan Beckman, University of Califormlia, 1960

(Lewrence Radlation Laboratory Report UCRL-9330).

omitted. The spectra taken with Ban and polyethylene-Csl windows
contain only relatively narrow reglons of good observatlion
between regions of absorption by atmospheric conétituents or the
window materialé. The Kel-F grease which gealed the thin poly-
ethylene to the Csl plate apparently flowed enough to vary

in thickness and hence results are unreliable even in regions
where it absorbed only moderately. The resulting reflgctivitiea4
(relative to mercury) in each region of good observation were
interpolated to even concentrations and are shown in figure 5,

The small peaks near 3u are omltted in figure 5.
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'QQE%%R%QQENngﬁﬁgiﬁﬁEARQAPand5‘ - Reviéw of the spectra of
the dilute solutions indicates that several reflection bands,
or maxima, exlst; these are to be found at 6200 cm“l, 3370 cm"l)

5190 om"l, and 1030 to 1050 cm'l. The three low frequency

peaks can all be assoclated with fundamental vibrations of the

1 reflection seems

ammonia molecule. For instance, the 3180 em™
best assigned to the v, vibration of ammonia which is observed

by transmission to lle at 3223 en™t in the orystal.s_ The

(3) F. P. Reding and D. I, Hornig, J. Chem. Phys., 22, 1926 (1954).

band can be assigned to Vg which absorbs at 5378,cm“1v

1

5370 om™+

in the ¢rystal. And 1030 to 1050 em~
vy which 18 1060 cm~!

is easlly assigned to
in the erystal. The reflection peak at
6200 em“l is, however, a property of the sodium-ammonia system
as a . whole. The concentrated solutions show high reflectivity

over wide regions with little or no fine structure.

DQchgs;on

- Our interpretation of the spectra will be divided into two
parts. In dilute solutions the principal solute speciles can be
inferred by the concentration dependence of various phenomens.
_Alsc.many other investigations have ylelded various types of
data for dilute solutions. Our spectra are conslstent with
this knowledge from other sources. The concentrated solutions
and the two phase reglon offer a more difficult problem and
only some preliminary conclugions will be given here. Other
experlments will be needed before a very detalled understanding

of the concentrated solutlons is possible.
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In view of the recent and complete reviews by Jolly6 and

(6) W. L. Jolly, Progress in Inorganic Chemistry, 1, 235-281 (1959).

by Symons7 an extensive bibllography 1s unnecessary and only the

(7) M. ¢. R. Symons, Quart. Revs., 13, 99 (1959).

most pertinent evidence will be cited.
Dilute Solutlons. - Most of the properties of dilute alkali
metal solutions in ammonla can be attributed to the specles in

the equilibrium

et -
My = 2M° + 2e] (5)
Here M* 1s just the familiar solvated ion and e,, 18 an electron
solvated by oriented ammonia molecules with presumably a cavlity

8

at the center. The speciles M? wag flrst suggested by Huater‘g

{(8) J. Jortner, J. Chem. Phys., 3Q, 839 (1959).
(9) E. Huster, Ann. Physik, 33, 477 (1938).

The nature of the specles M, is not established in detaill but it
contributes to neither the electrical conductance nor the
paramagnetlc spin resonance. Presumably the Na+ long are
solvated by ammonia and two such ions are bound together by two
electrons of antiparallel spin. Addiltional species, such as

solvated electron pairs or solvated metal atoms, have been proposed
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‘but the evidence indicates that they are at most minor species

in Na-NH5 golutions.

Yost and RusSelllo discuss the evidence for M, and Becker,

(10) D. M. Yost and H. Russell, Jr., "Systematic Inorganic
Chemistry", pp. 144-5, Prentice-Hall, Inc., Englewood Ciiffs,
N. Jo,' 1946.

Lindquist, and‘Alderll

reaction (5) for potassium solutions at 298, 274 and 240°K.

calculate the equilibrium constants for

The megnetie datalz show that the eQuilibrium constant for sodium

(12) C, A. Hutohison and H. C. Pastor, J. Chem. Phys., 21, 1959 (1953),

is indistinguishable}from thétvfor potassium at 240°K and that
i1ts change with temperature is a little more rapid for sodium
than for potassium. Only a short extrapolation 18 required to
233°K, the temperature of our expérimenta, where we f£ind

K= 35,5 xlC)"'8 if concentrations are in moles per liter. Even

in our most dilute solution, V = 4.14 or 0.24 M, this K prediots
only 4% dissocliation of’Nag. Consequently, the reflection
spectra for relatively dilute solutions in the range 0.24 to 1 M
must be dqminatedvby features arising rrom'Naz as well as NH%,

of course. At still lower concentration, however, where.abéorption
spectra are measured, the*diéeociated fons Na¥ and e;m beocome
-major specles. Thus the fraction digsoclated is roughly,so%'at
0.01 M while at 0.001 M it is greater than 95% at the temperature

of gpectral measurement.
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The reflection gpectra of the dillute solutions, flgure 3,
show Just one dilstinct feature attributable to the metal\
solute--the peak neer 1.5u. While the equilibrium constant
for dilute solutions indlcates little dissocliation of Na2 in
the concentration range of figure 3 (V= 0.67 to V= 4,14), we
have little independent evidence concerning the concentration
of larger clusters Nan with n > 2. Our spectra show Just a
gradual Increase in Intensity as the concentratlon increases
to V= 1.0, but at higher concentration the reflectlivity at
wavelengths longer {han 4y lncreases more rapldly than that at
the 1.50 peak. This additional reflectivity at longer wave-
length presumably indicates the’appearance of some larger clusters.
The 1.54 peak may‘be asaigﬁ@d to the Na2 species and calculation
1ndicatesfborresponding absorption wavelength of approximately
2. The nature of the reflection process is such that the
reflection peak 1s observed at shorter wavelength than the
absorption peak.

Unfortunately the concentration range for good reflection
meagurement does not overlap wlth that for absorption measurement,

hence a direct comparison 1s impractical. The absorption spectral5

(13) R. C. Douthit and J. L. Dye, J. Am. Chem. Soc., 82, 4472 (1960).

show a peak 1In this same region with a maximum_at 1.4 for very

low concentration of either Na or K. Thie band 18 assigned

to e;m. As the concentratlon increapses above 0.0l I the maxlmum
shifts slowly to longer wavelength (about 1.5 at 0.05 to 0.1 M)

end small differences are noted between sodium and potassium



solutions. This shift 1s in the direction expected as the -
amount of HNa, (or’Kz) increases. In the case of both the
reflectlon and absorption spectra the Intenslty cérrespomdsvto
.that of an allowed transitlon by most 1f not all of the solute
present. The near equality of {reduency for e;mvand for solvated
Na2 may be elther accldental or of fundamental slgniflcance} we
shall hope to learn which in the nadr future. |
Concentrated Solutlong. - The fully metallicrnature of very
concentrated metél»ammonia solutions was recognized in the
early work. The equivalent conductance of a saturated solution
of sodlum is 6 times that of mereury. Presumably the metal lons
are solvated as in the specles Mz but now the eleoctrons have

. , p
metalliclorbitals which pervade the entlre solution. One of usl‘

(14) K. S. Pitzer, J. Am. Chem. Sco., 80, 5046 (1958).

‘has pointed out phe analogy between the phése separation below
| «41.6°C in thesé solutions and the vapor-lliquid phase separation'
in pure sodium. In the solutions the ammonia solvates the
solute sgpeciles but is otherwise a dielectric medium within which
a condensatlion phenomenon can occur. The netallic solutlons hbe
those in the liquid-like range, i.e. more concentrated than ﬁhe
oritical composition of 4.15 atom % Na.

Exploratory calculatlons were.made of the roflectivity on
the free electron model. Hguation (4) was uséd witﬁ 0y = 0 and
Ny taken from the lmown concentration. The obuerved electrical

conductance ¢ ylelds wi‘from tiwe relationshlp
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v, = N‘ez/om (8)
1 171 1 :

where ey and m, are fhe electronic mass and charge respectively.
Figure 5 shows as dashed lines the calculated curves for the
coneentrations V= 0.135 and V= 0.3, In the nearly saturated
solution where the mole ratio 1s 5.5 NH5 to one Na the
caleculated reflectivity curve resembles the experimental curve
rather closely. The agreement ls good except thqt the drop in
p in the reglon & to 0.5u 1s actually more gradual than that
calculated. Doubtless some refinement of the model would remedy
this discrepancy. We shall not attempt such modifications at
present but rather emphasiéevthe general success of the simple
free electron model for the nearly saturated solutions.,

At V = 0.3, however, the agreement with the free electron
model is much poorer. The difflculty near 1y remains and in
addition the trend‘with wavelength in the 15-25u reglon is
wrong. Several more complex models were tested in an effort to
fit the ébserved curve for V= 0.3, The curve shown as a dot-
dash line on figure 5 was calculated for o model with three
different absorption processes of finlte frequency in addition
to a small population of free electrons with a damplng constant
fitted to the electrical conductance. The follgwing paramcters
were usad:

1 = 4 x 1019, Y1 = 1.2 x 1015, Wy = 0

| ; |
N, = 2.5 x 10°0, v, = @, = 1.5 x 10**
N5=5x10“o, ygzogs;«.leoM’
N&vm 5 x 1020, 74*= ¢& =1 x 1015



~17-

The_valueé of Y4 weré taken equal to ©, for each non-zero
frequency since relatively broad bands would be expected and
there was no Justificatlon for independent adjustment of the'
various 7, . Whlle the it of this caleculated curve is by no
means perfset, 1t 1is good enough to confirm this general type
of model. |

The model for the dét—dash curve may be 1nterprebed as.
prepresenting a small concentration Nl of conduction eleotrons,
a pother high concentration N of dimeric, solvqted Nan, and
high concentrabion N2 +'N3 of a distribution of 1arger_clustera
Nan-(n > 2) which have primary electronle frequencies dis-
tributed over the rénge indicated by o3 and Wy o Sueh largey

15

clusters were sugpested by Schmidt™ on the basls of x~ray data.

(15) P. W. Schmidt, J. Chem. Phys., 27, 23 (1957).

No sipgnificance should be attached to the exact valués glven for
Ny Ng, W5 s w3,_etc; This'interpretation is plausible on the
basis of 6ur knowledge of the more dilute_sodium~ammohia
solutions and of critical and condensatlon phenomena 1n generél.
These results indicate that solutions significantly more
concentrated than the oritlcal composition, such as V = O.S._do
‘not constitute the port of simple free-clectron metal which 18
- repraesented by the saturnted polution or the pure liquid or
801id alkall metal. The clustering of the solut@, however, need
not be primarily to snherical cluéters, _It seéms likely thaﬁ
much more irrvemulor shanes are involved including threadlilke

reglions sometimes interconnceted throughout the solution.
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Research 1s being continued on these systems which will
include further experimental measurements as well as diécuesion
of the resulﬁs in terms of guantum théory of the valence
electrons. | |

 Agknowledzments. - We thank Dr. Marvin Ross for certain
exploratory calculations and Professor W. L. Jolly for
 comments énd'BuggeBtions.'.This research was ocarried out under

the auspicéa of the U.,S. Atomic Enepgy Commission.
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Fig. 4

Fig'c 5

Captions for Figures

Reflection cell.

Optical arrangement- |
Reflection spectra for dilute solutions in the

IAF reglon. The concentration is given in liters
of NH; per mole Na and {mole ratio NH, to Na) .
Reflection spectra of more concentrated solutions.
Concentration given a&s in Fig. 3.

Reflectivity (relative to Hg) for Na-NH, solutions
of the dilution in liters of NHy per mole of Na
indiocated. Dotted curves are calculated for free

metallic electronsy the dot-dash curve for

V= 0,30 is calculated for a more complex model

- given in the text.
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or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission"” includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.





