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REVIOUSLY it has been demonstrated spectroscopically that

" the A-point transitions in ammonium halides cannot involve
free rotation since the torsional oscillation frequency of the ammo-
nium ion in the lattice occurs in the phase above (I7) as well as
beneath (Z17) the transition temperature.! These results were sub-
sequently confirmed by neutron diffraction studies.® However, it
was noted by Wagner® and confirmed by the careful studies by
Dinsmoret that in the face-centered cubic modification of NHI(Z),
which is stable above the first-order transition at —17.6°C, the
combination of the triply degenerate bending vibration »,at 1400
cm™! with the lattice torsion »¢ which occurs at 1685 cm™ in phases
II and IIT was absent. Instead the spectra showed only a weak
diffuse absorption maximum at 1600-1650 cm™ which persistzd
without much change in films in which phase / was supercooled
to —195°C. We have repeated this work with care and found the
diffuse region mentioned before at approximately 1600 cm™ and,
in addition, noted that there were roughly exponential wings at
the base of »; in phase 7. The width at half-height of the central
peak changed from about 23 cm™ in phases 7 and /I to about
30 cm™ in phase 1.

These observations are consistent neither with a statically
disordered model nor the 3-dimensional freely rotating structure
suggested by the heat capacity studies of Stephenson ef al The
latter would require P and R branch maxima which do not exist.

According 0 a rougn viecirosiatic caicuizilon, the minimum
patential energy occurs when one N—H hond is directed at an
10dine ion. Such a model with frec rotation about this N—H-- - I~
axis is consisient with ilic ubserved spectrum. The height of the
parrier to this rotation, the frequency of the zero-point vibration,
and the frequency of the perpendicular torsiona! oscillation were
all computed from the electrostatic potential of an ammonium ion,
represented with a charge +-0.43¢ located at the proton positions.
This same model has been used successfully to calculate the
torsional frequencies in NH(Cl, NHBr, low ND,Br,and NH.I (/7
or IIT) and in no case did the effective charge vary outside the
limita 0.42¢-0.50¢.® The calculated torsional frequency was 203

cm™, in good agreement with the experimental combination band
at 1600 cm™. The height of the barrier to rotation thus calculated
was 35 cm™, with a zero-point vibrational level at 20 cm™.
Consequently, the very first excited level would be above the
barrier, and to a good approximation the ion can be thought of as
freely rotating when T>75°K.

The selection rules for this model allow only the Q branch of
the parallel component of »,, and only P and R branches of the
perpendicular component, to appear in the infrared spectrum.
However, the P and R branches of a one-dimensional rotator have
no maxima; the band envelope is an error function with a missing
central line. The predicted envelope of the line fits the experi-
mental curve to within the experimental error and shows the
correct effect of temperature on the wings. The diffuse rature of
the combination band is roughly accounted for by rotational
structure and rotation-vibration interaction.

Consequently, we conclude that the spectrum strongly indicates
a structure for phase I of NH,I in which one hydrogen bond is
formed te I, and the ammonium ion rotates freely about this
bond. A more detailed description of this work will appear at a
later date.

Recent neutron diffraction studies of NDBr and ND,I have
also led Levy and Peterson to eliminate the model with 3-dimen-
sional free rotation?; they find that two different static models and

the one-dimensional rotator all give equaily good agreement with
their data,

The authors are indebted to Dr. C. C. Stephensor and Dr. H. A,
Levy for conversations regarding their work.

* duPont Fellow in Chemistry, !951-1952.
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A. Levy and S. W. Peterson, Phys. Rev. 86, 766 (1952).
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R. C. PLums anp D. F. HorniG
Metcalf Chemical Laboratorses, Brown Universily,
Providence, Rhode Isiand
(Received April 1, 1953)

N a previous communication under this same title! it was
pointed out that in the NaCl-like phase of NH,I which exists
at room temperature the only reasonable interpretation of the
infrared absorption spectrum in the 7u region led to a model in
which the ammonium ion underwent one-dimensional free rota-
tion. It was further concluded that the rotation took place about
the hydrogen bond formed from one apex of the Nil,* tetrahedron
to an adjacent I ion.

At the time that note was written we had, unfortunately, over-
looked the beautiful investigations of the Raman spectrui» of
single crystals of NH which had previously been pubiished by
L. C. Mathieu and J. P. Mathieu.? From measurements of .the
polarization of the Raman radiation they showed quite definitely
that the threefold axis of the NH,* ion coincided with the four-
fold axis of the crystal. They did noi reach any conciusions re-
garding rotation of tke ion, but their prior evidence is probably
less ambiguous than either the infrared spectrum or the neutron
diffraction results® in demonstrating the one-bond model. Taken
together the three investigations make this structure nearly
certain.

tR. C. Plumb and D. F. Hornig. J. Chem. Phys. 21, 366 (1953).
t L. Couture-Mathieu and J. P. Mathieu, J. chim. phys. 49, 226 (1952).
H. A. Levy and S. W. Peterson, J. Chem. Phys. 21, 366 (1953).
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THE INFRARED SPECTRUM OF
ION
Sir:

The infrared absorption spectra of films of oxo-
nium chloride and oxonium bromide have been ob-
served at —195° and spectra which are typical of
those obtained are reproduced in Fig. 1. The
films were prepared by condensing an equimolar
mixture of gaseous H,O and HX on a previously
cooled KTir plate. The OH;* must be the source
of the four absorption bands at 1050 cm.~!, 1700
cm.™}, 2100 ecm.~! and 2570 cm. ! in OH;Cl (simi-
larly, at 1100 cm.™}, 1700 em. !, 2100 cm.—! and
2610 em.~ ! in OHiBr). [In addition, some filins of
both salts show an absorption maximum near
3200 cm. ! as part of the broad absorption region
which extends to frequencies above 3500 cm.— L.
Very little of the observed spectrum can be at-
tributed to ice, whose intense bands! at 8{2 cm.!
and 2150 cm.~,? do not appear. Except for the
peaks at 2770 cm.™! in OH;Cl and 2410 cm.™! in
OH;Br, the halides cannot be responsible either
since the same bands occur in both salts.

THE OXONIUM

{\

. RN M - )

3% mE 2 C.

FALuDY — Tu-!
Fig. 1.—The infrared absorption spectrum of oxonium
chloride and oxonium bromide at —195°.

To confirm these conclusions we have, in addition
to the equimolar compounds, condensed five gas
mixtures with composition ranging from 909,
HCI-10% H,0 t> 209, HCI-809%, H,0, and these

(1) F. P. Reding, Thesis, Brown University, 1951.
(2) J.J. Fox and A, E. Ma-tin, Proc. Roy Scc. (London), A1T4, 234
(1840).

[Reprinted trom the Journal of the American Chemical Society, 76, 4113 (1933, .|
Copyright 1953 by the American Chemical Society and reprinted by permission of the copyright oviner

showed the expected HCI or ice spectrum super-
imposed on that of the OH,;* ions. The composi-
tions containing excess HCI showed two peaks very
close to those reported for pure crystalline HCl at
2704 cm. ! and 2746 cm.~ .34 Therefore the HCI
responsible for the 2770 cm.! peak in the OH;Cl
sample must be in a different environment, e.g., as
HCI molecules in the OH;Cl lattice. In this case
they may be produced by the equilibrium

OH,;C1 =~ H.0 + HCl

but we have not yet investigated this possibility.
Altogether, the general outlines of the experimental
situation seem clear, but sc.ce details still need
clarification. A number of films have been pre-
pared and the spectra were not completely re-
producible, differing chiefly in two respects: (a)
the shape of the diffuse absorption region between
2350 cm.—!'and 3500 cm. ! and (b) the height of the
peak we have ascribed to free HX molecuies. Fur-
ther studies are continuing.

Whereas the observed spectrum is different from
either ice or the hydrogen halides, it is closely par-
allel tc that of ammonia. The hydrogen stretch-
ing
but both of these features may be attributed to
strong hydrogen bonds. It may therefore be con-
cluded that the OH;* ion which is isoelectronic with
NHj;, also cxists in a symmetrical pyramidal con-
figuration. This conclusion agrees with that de-
rived from proton resonance measurements.5—¢

foar

P - 1. 9 ‘ . - .
Secvyvoersas s2 8y Socercee Voo Pacuen  APUPA. Jip
s CQulnlIes 4T iUWT and il ©Udaiids sicaaci

(3) G. Hettner, Z. Physik, 78, 141 (1932).

(4) Lee, Sutherland and Wu, Proc. Roy. Soc. (London), A1T6, 493
(1940).

(5) Y. Kakiuchi, et al., J. Chem. Phys., 19, 1063 (1¢51).

{8) R. E. Richards and J. A. S. Smith, Trans. Far. Soc., €7, 1261
(1951).

METcALF CHEMICAL LABORATORIES
BrROWN UNIVIRSITY
PROVIDENCE 12, RHODE ISLAND

RECEIVED JuLy 27, 1953

C. C. FERRISO
D. F. HORNING



Rt 2 ey L a8 T 1< AT B R

TR

e T T R

VIBRATIONAL SPECTRA OF MOLECULES AND COMPLEX IONS IN CRYSTALS
CE¥II.THE RAMAN SPECTRUM OF CRYSTALLINE AMMONIA
-

a;@.// /,%c/

— AND 3-DEUTERO-AMMONIA
Lt
a-.:‘ F, P, Reding and D, F, Hornig
- ABSTRACT
b 5‘.'::::
frrmsrs
[=-) C(Ph® Raman spectra of crystalline NH, and ND, were measured

:f;‘."% 3 3
at w 32° +» using Hg 2536,5 ) exclting radiation. The fundamentals

Vi, V,, and \)3 were observed but \%+ was not, \)2 was split
into two components by intermolecular coupling, Lattice frequen-
cles of both translational and rotaticnal origin were observed zand

there was evidence of very little coupling between them,
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THE VIBRATIONAL SPLCTRA OF MOLECULES AND COMPLEX IONS IN CRYSTALS
VII, THE RAMAN SPECTRUM OF CRYSTALLINE AMMONIA
AND 3-DEUTERO=-AMMONI.:
F. P, Reding and D, F, Hornig

INTRODUCTION

The Raman spectrum of crystalline ammonia and 3-deutero-ammonia
has been observed in conjunction with tune previously reported in=

frared study of these crystals.1
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1. F, P, Redirg & D, F, Hornig, J, Chem, Phys, 19, 594 (195%)

In that paper it was polnted out
that on the basis of the present theory of crystalline spectra2’3

D e D e D T R WS T R e G YR P G WD D e G SO Gn ) T R S D ORGP G D D G D D G s G P D WD DGR @ o ) R D GP = R G5 WP R AP OB G TO @B D WP . e

2. D, P, Hornlg, J, Chem, Phys, 16, 1063 (1948)
3 H. w1nston and R. Se Halford J. Chem. Phys, 17, 607 (1949)

the motions of the four molecules in the unit cell of the cubic
ammonia crystal (symmetcey Tu) may be expected to couple so that the
v . and \J_; cach yileld one

EA | 2’
component of species A and one of species F, Similarly, the doubly

symmetrical vibraticons of NH3 or ND

degenerate vibrations, x)3 and \)u, should each yield one component
of specles E and two of species F in the crystals. Only the species
F components may be active in the infrared spectrum whereas all
three (A,E,F) may be active in the Raman spectrum, Actually, al=-
though all four fundamentals werc¢ observed in the infrared spectrum,
only one component arising from each dcgenerate vibration was obe

served, In addition, evidence was produced that the second, Raman

active, component of \J; was displaced by 10 em~1 from the infrared
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active component,
Since 2ll ten componcnts arising from the four internal vibra=-
tions may be Raman active; 1t was hoped that the froquency soparation
between components originating in the different phascs of coupling
of the four moleculos.could bo determincd, This splitting would
give a quantitative measurc of the intermolecular interaction. In
addlition, it was hoped that the limiting latticc vibrations, five
of which originate in molecular rotation and four in moleccular
translation; might ba obsorved at low froquencies,
In prcvious work on the Raman spectrum of crystalline NH

Sutherlandu

reported lines at 3369, 3303, and 1585 cm — with relae
tive intensities of 4, 1, and O respectively, The Raman spectrum
of ND3 was not found in the literature,

EXPERIMENTAL

The ultraviolet absorption spectrum of crystalline NH3 bcglins

Conscquently tre Hg 2536.5K proved most sctisfactory as
an exciting line, The mercury arc uscd was an eight turn quartz
helix, Thc vapor pressure of tho mercury in thc lamp was kept low
by using amalgamated gold foll clectrodes, No evidence of resonance
absorption by the cool mercvry vapor along the wall of tho tube was
noted, The exciting line wns filtered from the Raman radiation by

£111ing thoe spectrograph with morcury vapor,

o T e e b e o - i i d £
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A diagram of the sample tube and cooling Jacket 1s shown in
Figure 1, Nitrogcn which had becn coolced by bubbling through
liquid nitrogen was used to cool the Raman tube, In prcparation
for an investigation, the systcm was evacuated and the sample con=-
denscd from a storago flask into the Raman tube, The liquid was
slowly crystallized and a highly cracked semi-transparent crystal
was obtained, Since this proved to be sctisfactory, no attempt was

made to form a flawless single crystal, The NH3 used®

B s o D e s D D WD G G M S e YD G D G D WP TR A D S WD G GID D SR D D TR WD G Y D W ED D A% D R M D G S GD S W T8 ae GE on TP G MF GO GF S GR @B O G G o WP
N

was stated
to bc 99,97 per cent purc, The ND3 was prepared by the procedure
described in the previous peper,

A medium Hilger E-3 303 Spectrograph with quartz optics was
used to record the spectra, Depending upon thc intensity desired,
exposure times veried from 20 minutes to two hours, using a slit
of 0.01 mm, The rocsolution of the spectromecter was approximately
threc cm'1 in the region employceds For wave length determinations,
an iron arc spectrum was recorded using o Hartman diaphragm, The
cerror in the measurcment of the Raman line displacement was approxi-
matoly ¥ 5 em™%,

RESULTS

The Romen spectro obtalned from crystuliine NH3 end ND} at
-82°C., reproduced from the microphotometer tracings, are shown in
Figures 2 and 3, respectively., Thc mercury lines includcd are
markced and the 2536.SK exciting 1inc 1s indicnted by Ay, The fre=-

quencies of the band centers and approximecte intensities are shown

in Table 1, For conparison the fundamcatal bands obscrved in the

s b WA
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infrared spectrum are 2lsc listode

Two components of the symmetrical vending vibration \JZAat
1048 and 1058 em™t werc clearly resolved in the NH3 spectrum, A
corrcsponding doublet was indicated in the ND3 spectrum by the
shoulder at 817 cm~l on the high frequc:cy sido of the peak at
810 em™1, From the very near coincidence of the bands at 1058 and
817 cm™t with the corresponding bands for \)2 in the infrarcd
spectrum, it is safc to conclude that these Raman components arise
from the specics F vibration, The other two components at 10LS
and 810 em~l in NH3 and ND3 must thercfore be the specles A com=

ponentse

The symmetric stretching frequency, \)1, could not be determined

for NH3 becouse it lies in the brood intense band which extends
from 3160 cm™1 to 3330 em™) nand hrs © maximum ot approximately
3210 em~l, This difficulty did not crisc for the corresponding
line in the ND3 spectrum at 2330 em™t which is sharp, It is sccn
in Table 1 that V5 in the infrared spectrum of crystelline ND,,
which must be of spcecics F, h~s the band center at 2318 em=l, The
scparation between the infrarcd and Raman com=
pononts of this fundamental in ND3 1s outsidc of the ecxperimcnteol
error in this rcgion, Conscquently thcs¢ Raman linces probebly arise
from the specics A roather than thce species F vibration.

The Tcllor=Redlich product ratio for the F compenents of the
symnotric vibrations was found to be 1,808 (harmonic value = 1,842),
If the product ratio is the samc for tho A componcnts, L)l of NH3
would occur at 3240 cm'l. The brocd band in which it 1s locetcd is
apparently the flrst overtono rcgion correcsponding to the intenso

infrared absorption running from 1575 em™! to the fundamental Y] L

£ e b St i ol b MR 2 )
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ot 1648 e, A similar bard in ND,

2350-24,00 cm"l which underlics the Hg lino adjacoent to »>l'
A component of the antisymictriccl strectching vibration \)3
was observed at 3375 et 1 NHB‘and 2207 em™ in ND3. This vibra=-
tion gives risc to a specics E ard two spccies F phascs of coupling,
Sinec tho observed lincs occur sc¢ ancar the corresponding infrarcd
active vibrations at 3278 ard 2500 cm l, they may arise from tho
samo F component obscerved in tnc infrared spectrum, However, since
in all cases the observed splitting betwoen components was very
small, it may bc that thc bands aeisc firom cither of the other com=
poncents or from 2 superpositicn of the threc, The frcquency found
for \%3 in theo crystal in this ard the pre¢vious peper arc in ace

03

cord with that recently found in the gas from iis Raman spectrum,
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6o Co Cumming & H, L, Wolsh Jo Chcnm, Physe, 21, 1119 {1953)

The lincs ot 3303 and 336° em~1 rcported by Sutherland.2 CCre
tainly correspond to thosc at 3160-3330 em™L and 3375 cm'1
work reportcd hcrc, Suth&rland assigned the linc hc cbserved at
1585 em~1 4o x)u,

components in the crystal, No line wog observcd ia this region

in the
which 1likc V' wmay have threc active Raman
2

in the present work. Since Sutherland did not obsoerve the lines

at 1058 and 1048 cm~1l at all, any comparable Raman scattering in
the present study in thc vicinity of 1585 em™L would be expected to
be more intense than the lines around 1050 em™t, Suthorland obe=
served tho spectrum at -185°C, whercas tho present study was pcre
formed at «82%C,; thoroforc tho possibility romains that the rela-

-1

tive intensities of the lines around 1050 em ~ and 1585 em™1 change

enough with tempcraturc to account for the apparent discrepancy,

would bec expocted in the reglon

TP PSR-
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although tlils seeris highly imprcbable,

In addition to the well-cd« ined features, =zi.2 microphotometer
trace shows a broed band with a maximum at about 2700 cm..l (2730&)
which can be ascribea to U, + L)u. There may also be other dife
fuse bands running from 26303 to 267OK and from 267OK To Z?OOK.
(1300-1900 em~1, 1900-2300 cm™1).

Lattice Vibrations

As pointed out before, there are five fundamental lattice
vibrations originating in molecular torsion, three of symmetry
speclies F and one each of species A and E, and four fundamental
lattice vibrations originating in molecular translation, two of
specles F and one each of species A and E, (There are actually
three species F translationel wibrations but one of them is the
zero frequency motion corresponding to translation of the crystal
as a whole,) Because of its small moments of inertia, one expects
the translational motions in these molecules to be of lower fre=
quency than the torsional motions, although the two types of mo=~
tion of a given symmetry species may be coupled, These motions
may also be coupled to the intornal vibrations of ths monlccules of
the same symmetry species, but because of the large frequency sepa-
ration it is doubtful if such coupling is of any consequence,

As seen 1n Table 1, a number of lattice vibrations were ob=-
served, A complete assignment of the observed bands is not possi-
ble but sevcral features should be notcd. From the low frequency
and the small frequency separation between NH3 and ND3 the bands at
99 and 129 em~1 in NH3 and 91 and 121 cm~l in ND3 are certainly
translational modes, The Te¢ller~Redlich ratios of the species A

and E translations are both 1,084 and the ratio for the two specics
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F translations is 1.,177. The observed ratios of the above two bands
are both 1,08, Although the syrrusry of the bands camnnot be deters
mined, thc observel ratios indicate that there is wvovy little coup-
ling between the translation:l and torsional latticce modes,

From the high intensity, relatively high frcquency and large
frequency shift in going from NH3 te ND3, the bands at 284.cm'l in
HH3 and 213 em~1 in ND3 are almost certainly fundamentel torsional
modes, Tho observed froquency ratio of these bands is 1,33, The
Tellcr-Redlich product ratio for the species A torsion is 1,41, for
the species E torsion is 1.39 and for the thrce species F torsions

is 24736, Although zgain 1t is not possible to detcrmine the sym-

metry of the motion, the obscrved ratio indicatcs that it is = nearly

uncoupled torsion,

The band between 325 and 375 em™t in NH, almost cortalnly
criscs in part from the specics F torsion observed at 362 em~1 in
the infrared spectruml. The high frcquency shoulder of the correse
ponding band in ND3 was obscrved in the infrared spectrum but the
position of tho band center could not be determined becausc the low
froguoency iimit of the spectromcter used wos 300 emi, ‘rhe band
between 245 and 270 em™! in the Raman spcctrum of ND3 corresponds
to thce band botweeon 325 and 375 cm-l in NH3. This indicatcs .het
tho band center of the species F torsion in ND3 is approximately
260 cm-l.

Thére was no uvidence of Raman scattering corrusponding to the
bands observcd at 527 and L06 em™l in the infrored spectrum of NH3
and ND3 rcspoctively, These bands must be of spocies F but it is
doubtful if they arc fundementsl vibrations, The rcmaining low

froquency bands in the Raman spectrum of NH, and ND, are probabl
3 3 J
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combinations and ovortonus of latticc fundamcntals,

In conclusion, thc interaction between the moiccules in the
NH3 and ND3 crystals must bc smnll, Not only is thec separction
botween the different phascs of coupling of the intcernal vibrations
sm~1ll but 21so it appears that the low frequency translationnl and

torsional modes are conly slightly coupled,
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RAMAN SPECTRUM OF NH3

FIG. 2

| Mercury Lines

A. Exciting Line
B.Same Line
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RAMAN SPECTRUM OF NDs

2700 A.

2600A.

2500 A.

FIG.3 Y|
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A.Exciting Line
B. Some Lines
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