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¢ infrarcd spectra of crystalline HCl, HBr and HI have been studicd at
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~205°C. The fundamental vibration was observed in HCL at 270L and 27L6 cm'l, in
HBr at 24Ok and 2438 cm™1, and in HI at 2120 cm-1, 1In addition, low frecquency
bands associated with torsional lattice vibrations were observed directly and in
combination with the fundamental vibration of the moleculess It is cenclufed that
in the low temperature crystalline rhnse both HC1 and HBr form zigezag hyirogen

boended chains, the nngle between ajacent melecules being 2beut 1077 in HC1 anc 97°

in HBr., The crystolline potentinl functien is investigated f~r 211 three m-lecules,
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D, F, Hoimig nd Vs E. Osberg

INTRODUOT ION

Although the nosition of the hologen 2toms in the lowest temperature phase of
the hydrogen halides has been umeasured by X-r2y methods, and the determiration is
probably fairly reliablc in the case of hydrogen chloride, thc position of the hy-
drogen atoms, upon which many of the physiczl properties of these crystais depend,
is unknown, Until morc is kuown of the structurc of the lowest temperaturc phase
there is little hope of understanding the structural principles on which these
simple crystals are constructed or the nature of the solid state phase transitions
which occur in HCl, HBr nd HI.

These transitions 2re probably connccted with the rcorientation 2nd disordering
of the molecu}cs)but although the, have been studied by themodynnmic, optical,
spectroscopic, X-ray and dielectric techniques, the nature of the structural changes
is not understood., HMuch of th: infomation (prior to 1938) conceming these tran-
sitions is summarized in 2 review by Eucken.1

253

vious infrarcd studies

2; G, Hcttner, 7. Physik, 78, 1h1 (1932); ibid. 89, 23L (193L); inn. Physik (5).
32, 141 (1938)

3, Iee, Sutherland & Wu, Nature, 142 669 (1938); Proc. Roye Soc, (London), A176,
493 (19L0)
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and the more recent nuclenr nngnctic resenance cxperi-
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L. N. L, .lpert, Pays. Reve 75, 398 {(15L9)

+hat there is no free or nearly free nolecular rotation in any of the phases,

Most recent theoretical discussions of the structures and the phase transitions
arc based on models consisting of dipole arrayses Since the intcrmolecular distnnce
is not much greater than the interatomic distance in a single meleculec, therc is a

rczl question ~s to whether such models arc applicable, In any case, Luttinger and

have predicted on the basis of such 2 model that the lowest terperature
ordercd phusc consists of antiparallel strings of dipolcs, and this can be checked
from the infrarcd spectrum.
Since these molecules have but 2 single intemnl mode of vibration thcre should
be 1little ambiguilty ir the intcipretation of the infrared spectrum in tems of the
present theory of molecular vibrations in cryst:lsé.
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. completely unambiguous
determination of the crystal structurc is out of the question but certain features
of the structurc cn~n ccrtainly be obtaineds For exnmple, it should be pessible to
decide whether or not the structure is ordered; ~nd if it ic ordered to gain some
knowledge of the nusbor and arrangement of the molecules in a unit cell from the
number of absorption peaks associcted with the single mode of vibration, The

orientation of the molccules should be revealed by the relative intensity of these
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coupling componentse In addition 2 quantitative mensure of the intermelecular forces
should be availablc from (2) the change in the mean intern2l frequency in passing
from gas to crvstnl (b) the mngnitude of the senaration hetreen coupling components
(¢) the nagnitude of the torsional oscillation freguency in the crystal (which has
not been observed harctoforc).

The infrared spectra cf crystalline HCl, HBr ~nd HI have ~11 bcen studied be-

fore2’3’7
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nlthough HBr and HI werc not obtained in the lowvest terperature phise,
which exists bcelow 899K ~nd 709K respectively. The speetrum of thin films of HC1
nas bcen studied between 1.5/*_nnd h.lS/A and the existence of two distant pecks at

-1 2nd 2746 em™! noted in the low temperaturce nhase (i.e. below

about 2705 cm
98.hoK).2’3 Since the corpletion of the work reported here the infrarcd spectrum of
2 dilute solution of HCL in crystolline DCL has lod te the cenclusien thot the angle

between adjacont hydrogen bonded HCL molecules is either 1020 or 78° 8,

contrary
to the thecoreticnl cxpcectations.s The Ramnn snectrum of HC1 hns 21lsc been studied ’9
and two pezks obscrved in the low temperaturc phasc2, only onc of them coineiding in

frequency with an infrared absorption maximum to within the combined cxpoerimental

CIrrorae
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However, no satisfrctory interpretation of these obscrvations has been

avolved,
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Expcrimental Tichniques

Two differcnt samples of hydrcgen chleoride wiere used in this werk, commeicinl
hydrogen chleride whese purity was stoted te bo 99.52?; the impuritics censisting of
O.2Z acetylene 2nd 0.3/ chlorinztcd hydrocarben, ~nd o sample prenared from reagent
grade sodium chloride plus sulfuric acide The first sample wns used without further
purificaticn; +the second woas dried over anhydrous aluminum ?hloride and collected ot
liquid nitrogen temperatures The spcctra obtoined frem the twe samples were identi-
cale

Commeraial hydrogen bromide™

was used without further purifications The purity
of the miterinl wns reportaed 2s 99.523, the gas containing ne bromine or moisture;
the principal impurity wns nitrogene

Hydrogen iodide s prepared by adding scdium iodide to rhosphorie acid at dry
ice temperature, scaling 2nd evacunting the system, and thoen ~1lowing the mixture to
warn until renction took place, The gas was passcd threugh 2 trap at -35°C tc re=
move watcer or iedine ~nd collected s 2 solid in n trop ot liquid nitrogen temper-
ztures The entire systerm was wrappoed in 2luminum foil te prevent the photodccompoe
sition which occurred when this precauticen was not taken.

The spcetra werc studicd in the low tempecriture sarple cell shown in Figs. 1la
1

10 :
amd 1b, It is similar to thot Jdeseribed prcviously1

10. J. Bs Lobman, Ph. D Thesis, Brown University, 195).
11¢ Es Lo Wogner ond Do Fo Hornig, J. Chem. Physe 18, 296 (1950)

sidearm I through which the s-wmple was sublimed onto the olate B, 'nd the provisien
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FIG. 1B
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which was made for cocling the ligquid nitregen to the trinle peint by pumping through

the sidearm Gs The saple was mounted on -iindew D which wns held in gecd thermnl

€.\

=

contact with the copoer bleack F nt 211 times during the cocling procecss by a spring
B nd a2 rutrining ring € which was screwed firmly into plhces With this simple
arrangement the terperature difference between windew ~nd bleck, measurcd by in-
serting a thermocouple into ~ snall hole drilled in the window, Aid not exceed 3°C
when the block was at the terperiture of liquid nitrogen,

The plastic plate H simply rested on the chimney E above the liquid nitrogen
reserveir, ond produced an ~dequate seal when puming on Go In order to replenish
the liquid nitrogen, the plate H was remeved withcut disconnecting the pump, liquid
nitrogen added tc E, -nd the plate replaceds No detcetable fluctuation was observed
in the tempcerature of the bleck F during this process, which could be carried out
ropidlye The tcmperaturc of the tlock wns measured bty 1 thermoccuple whose leads
were passed through 1 scal which wns attached to the ground gluss jeint Je

The films wcre prepared by first condensing the gas in 2 trap attached to I,
cooling the cell tec oppreximntcly the triple point of nitregen (<2100 C.) and then
lowering the liquid nitrcgen frem n2round the trap by such ™ 2mount as to sublime
the matericl at a vapor pressurc of about S rm, Hg to thc cooled plate Tw  Of course
a large part of the matcrial ncturlly cendensed ~n the briss block F but this was of
no conscquences  ofter the film was deposited the jacket was reevacnated with a
diffusion pump tc minimize thc heat loss to the outer walls,

Early in the investigaticn it wis found that thin films of HCL and HBr cevaporater
rapidly from the window 2t liquid nitrogen terpcrrture (=195°C) but could be retained
if the tempcerature were lowcred to the triple peint ef nitregen (-210°C),

The films prepared by this technique were quite transparent to the cye and

showed 1little or no scattering of the infrored rediaticn,
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Thc speetra of the films were studicd frem 300 enl to 4000 ¢m™* with 2 double
n

beam spectrophotoncter

the low temperature cell being in one path And an evacu-

ated cell of the same length with simil~r windows in the cthers The spectromcter
hcusing was flushed with dry nitregen te reriove COp and H20 but in thc snoctra of
sonc of the HBr films there is evilence th~t the flushing may net have been equally
efficient in beth beams. Stray radiation in the KBr regicen was elinminated by a
scattering filter and that in the KRS-5 rcgion minimized by replacing the mirror
tefore the cntrance slit with 2 stainless stecl mirrer, roughencd by grinding with
“luminox Moes 120. Nevertheless, 31% of the total radiation 2t 310 en~l was trans-
nitted by an Nall plate zand was thcruforc'stray. It shcould be noted that the low
frequency limit of the sphctral'region investigated was dctcrmined by the trans-
mission of the thin KBr window cn the thermocouplc,

The spectrometer calibration was checked agzinst atmospheric water and COp
bands. The frequencies reperted are believed te be accurate tot 3 en~1 =t 2700

1 1

em™L, 1.5 en™t at 2100 cm™* -nd better than 1 en™L in the lew frequency region,

Experimental Results

a2, Hydrogen Chlce ~ide
The spectra cbtained ~t 2 tomperaturce of 73%K., "vell below the temperature
of the phnse transition ~t 9848K,, rith the filn on o KFr hacking, is shown in
Figure 24 A4 filn cof (IC1 depcsited on NaCl te chock the ¢ffcet of the substrite
vielded a similar spectrum, 21lthough the intencity of the twe penks was more nearly
equal,

The spectrum of thin films, (Fig. 2) in gecd agrecment with the high resclutien
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study cf Loe, Wu and Sutherland whe found noxima 2t 2701 el ana 274 cm-l, consists

cf two sharp lines 2t 2704 T3¢t and 2746 23 cm‘l, whese widths 2t half pezk in-

teneity 2re coocreximatily 30 cm’l. The spectra of thick filns show 2 number of pre-

vicusly unrcperted ruriecns ~f abscorptiecn, ~ sharp line at 2616 t3 cm"1

s A screwhat
sesker Band ot 2991 caTl whese width is roughly 59 cm-l, and ~ very wezk band at
3171 em~t.  Two cther poaks, ~t 2837 et and 2916 cm'13 are belicved te originate
in fpiczcn=M stepcock grease which wns carried inte the cell frem the vacuum system
with the ECL. Thoy occur in the spectrum of Jpiczen-l and were not feund in cther
HCL sncetra taken when 2 flucrccarken grense (DuPent FXC-'L1) was used as 2 stopceck
lubricant, .

L very thick f£ilm (Fige 3) alsc shrwed cbserption moxinma =t 315 cm-l, L96 oL
and reughly 650 cm‘l. The truc maximam of the lewest frequency peak may be 2t 2
still lower frocquency since it cccurs just ot the linit of our measurcments, where
stray radinticn is 2 very scrious preblens The width of the 496 cm'l line is zbout
55 cm™! and of the 650 en™l line ~beut 75 em™l,

The two strong shzrp lines are cerbninly ccupling cempenents of the fundamental
stretching vibraticns The crigin cof the sharp wezk line at 2616 em=l is doubtful,
ilthough it may e 2 third cumpoenent of the stretching vibratien, there are strong
reasons te believe this is net the case, It wmight be 2 differcnce vibration in-
volving a lattice frequency of 2hcut 100 ca™Ll but the corrcsoonding swm is absent,
If it is caused by an impurity it is nct easy to find 2ny reasonnble pessibilities,
The intensity of the poak is about the same in the spectrum of HCL from differcnt

scurcess The mest likely irpurity is the OH3+- irn resulting frem traces of HZO’

perhaps absorbed on the KBr cr N2Cls A brozd cbscrption maximum has hoen cbserved

recently at 2600 cm™% in tho cempeund OH3C113;
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horever, subsequent studics of dilute

b
sclutions cof Hn0 in crysto2lline HCL

did nct disclese 2 crrresprnding sharp line,
ner is 2 cerresponding penk found in our spectra of HBry, ~ltheough the naximun at

2600 cm'l was 2l1lsc f~und in OH3Br.

1 is not te be

Neverthcless, it is cur cpiricn thnt thc weak linc at 2616 co”
ascrired te 2 fundamental vibrztion feor the fellowing reosms, seme of which =~re
elaberated later:

ga) Ne cerrespending line has bizn feund in recent studics of thick films of
ICcl, 2

- — - - - — W - D - " D . e P A e D e e e e D = . W W - -

(b) Suthcrland feund a Raman line at 2709%6S en~1 and 2n infrarecd line 2
2701 £ 1 cm™., Unless thcy actually ceincide, no assignment is available for the
linc in question,

(c) The cxistence of 2 cerponent at 2616 en~l weuld imply streng ccupling bee
tween each HCL melecule and one neigiabor in addition to the cne to ~vhich it is hy-
drogen bonded. If this were the cnse, two different sets of "wings" sheuld have
been cbtainced in the spectra of dilute scluticns of HC1 in DCl. The second sct,
which would ke separated by ~btout 22 em™1 from the main peak, was not observed,

(d) The existence of = c~upling cempenent 2t ~ frequoney as lew as 2616 cn™l
would imply = spread of over 100 cm™ in the broad band in the_disordercd rthase
above 98.,80K, In fact, the spread of the band is about 50 cm‘l, abecut equal teo the
separation of the two Raman nivks ~nd the two infrarced naximac,

In the subsegient discussion it will be n~ssumcd that the peak 2t 2616 em~l
cannot be ascribed tn o fundament2l vibratien. However, the chonges in the reascnuing
which are nccessary if it is will b2 peinted out uxplicitly,

ma [ad . . - -.' - S od -l
The froquencies 496 cm™  and €50 cm ~ cannct be the fundamental lattice torsiens

since they cruld be expected te be very intense, c¢ven mere se than in NH3 where the
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while thesc were obscrved enly in
thick films. They arc probnbly cvertcnes cor cembinations of still lewer frequency
1~ttice medcs, The breoad peaks at 2991 em” -1 and 3171 en~1 are probably cembinatiens
of the stretching vibraticn with lattice frequencics (prcbably largely tersiecnal)
near 266 cm~l and Lh6 cu~l respectively. The lattc » moy be some of the same levels
which give rise to the 496 er™! band,
be Hydrcgen Brenide.

Eydroecn bronidc was studied on KPry, NaCl md CaFp backing platess The
transnissicn curves rhtained for the lowest tcmperature phasce on KBr are reproduced
in Figse b ~nd S, Thc tompernture of the films (737K.) was well below the tronsition
terperaturc, 39°K. The sncetra of thin films clesely rescrble the corresoonding
spcctra of hydreeon chleride, shering tre shom linos at 2LOhE3 o™l anad 213871

cm‘1

, in centrast te the singlc bread band centored =t 2420 cn'l rcperted by Zunino
for the crystal ot 887K, It is ~onorent thot Zuninets cryst2l was net in the lewest
temperature phases  The te bands are quite nhrrew, their +idths at half peak in-
tensity being 25 cn=l and 20 cn~l respectively.

The spectra of very thick films show 2nethor sharp line {2pnroximitely 20 cm -1
wide)at 2727 em=l, which may be annlogous tr the high Tfrequency band in hydrrgen
chlerides This bnd 2ppcars to be much ctrenger in the nen-scattering £iln on CaFo
thn in the highly sc~ttcring film on KBr, but sincc it is net 2t 21l ccrtoin that
the ~bserpticn in cther penks by the scattering film is s great either, it noy
a2ctu2lly have hcen 2 thinner snecimen. This aonp~rent intonsity variation might nlse
be taken as cvicdence of ericntation en KBr, together with a high degree of velarizatic

of the bands Hewever, it scems mest likely that this line ariscs becausz of traces
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cf HC1 impurity in thc HBr. It h2s been peinted out nrcvicuslylo thnt su~h 2 dilute
sc1id scluticn shcul?d shew enly cne shhrp line, and the obscrved line ceorresronds
very clesely te the mcan of the BCl cenponents, 2729 cmul. The very weak 2bsorpticn
maxima ot obout 2660 cm‘l, and nessibly 2850 cm’l, n1y actually cerresperd to the
high frequency peoks in HCl, .. weak line whese width is ¢2,100 em=l has its center
at 40O cni=! (Fige 5) and anothcr very weak abscrptien is barely evident 2t 575 em~L,
The structurc cn the 40O cm-l band is prcbably caused by water vapor, which has very
intense rotational lines in this regicn,

It was not nessitle te find 2 low frequency cemponent cof the strong abscrmtion
deublct similar tc th~t fund in hydregen chleride. Several of the films showed an
obscrption regicn 2t 2349 cm'l, a frequency identical with that of carben dioxide,
but it was nst repreducible,

ce Hydrcgen Iodide.

Since hyrogen iodide undcrgees a A -type transiticn to its low temperatur
phase at 70°K., ncarly the lowest tempernturc we could reach, an unarmbigucis soectru
of this phase wms nct cbtained, Instead, a spectrum of a £ilm was taken an KBr at
83°K., (2bovc the transiticon temporature); the pressure above the liquid nitregen
was then rcduccd, and the spectrum was ferllewed as the film cocleds The results are
shown in Fﬁg. 6. The thin films reached cquilibrium after appreximately forty
minutes while the spectrum of 2 ncdium thick film chonged slewly through a period
of an heur. The spcetrum of a very thick film (net reproduced) gave ne indication
of passing threugh the transiticn print although the nitrogen reserveir was maine
tained at the nitregen triple point (63°K.) for a period of ninety ninutes.

The frequecncy of maxinum abscrpticn, 2120 et

s was indepcendent of the terperctu
threughcut the smnll ronge {(~2159K,) studied. However, the transition showed itself

by the growth cf 2 single sharp spike (width at half-height 2 ~pprox, 16 Gm'l) above
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the breader peak (width ~porex. 30 ca=1) chormctorizing HT sbeve 707Ke It is not
clecar whether the thin £ilm unervent cormlete tronsition ~r note The bosc in B and
C cf Fige 6 may b regorded ~s = reanant of the higher temperature spectrume  Heowever
there are indications that in fact there arc additir~nal shamp crrp-nents abeut 10
cm™l on cither side of the central peak, cf which one m2y be just resclved in G,
There alse aoncars to be a weak band at Ca. 2075 em~l in Fig. 6, and a still
weaker band at Ca. 2180 ™t in the spectrum of a very thick film at 83°K. These
wpenr to be 2 sun and differcnce band invelving a lattice frequency of abeut 50 em™

Crystal Structure of thc Hydrcgen Halides

Jccording te the available x-ray inferantien, HCL and HEr 2re both face-centere.
ortherhcmbic in their low terperature phase, the lattice dimensions being 5.03, 5635

o 1
and 546K in HC1 and 5,56, 5.6L and 6,064 in HBr. !

The latter arce cpen tr scme
question becausc the szame investigntor found oin almest identical crtherhombic
e 1
structure above 117 Ke whereas cptical studies

- s - - - - —n - =S =S T n D D s - S T D S S S s - T D S S S S S ) S e S S S T G S ey D mh S S Y En G e S S D R S S S e b S b m E ms e G

indicate 2n isctropic structure
above this terperature and anisctropic structurcs bencathe HI is reperted o have a

19

ace-centercd tetragencl structere with an axial ratie of 1,08:1

- . . S . T e - s S s = e e S S e D e S e e R D D R e D e - D S e e = S Gm Gm S R Em S Em e Y = G e = e =D - - —

T o . T e L 2 e e e e e e S e S S e s G S G D = D D mD > P e v D s DA SE R e R S - s e .

(i.¢s nearly cubic

t 211 terperaturcss Hewever, here teo the optical investigatica found anisctrooy
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rnly benz1th 70°K,

If the HC1 an? HBr structurces are face-centercd crtheorhembic as remerted, the
x-ray unit ccll contains feur halegen ~temse  The truc primitive cell nay ccentain
cne, twe,feour or niere melecules,s On the basis of the »resent results and the pub-
lished Raman spectrum, thce fellewing cenclusicns 2re possible,

(1) The prescnce cf at least twe infrared active cerpenents in both HCL and
HBr demcnstrites that therc are at least twe mrlecules per primitive unit cell, If |
there are cnly twe melocules per unit cell they must lie in 2 plane or in parallel
planes becouse cof the crtherhoembic symmetry. I there are mrre than twe nelecules
they still lie in parzllel planes unless there is a third infra-red active c~mponent.
The line at 2626 cn™l is sc weak that even if it is ~ third crmprnent the structure
is substantially planar,

(2) Unless beth of the Raman lines which have been rencrted in HCL at 270915
cm-l and 27595 e coincide with the infrar-d pcaks at 270L ond 27h6 cm-l, there
rnust be four nclecules per unit cell in HCl, It secens vrebnble, therefere, that the
unit cell ccntains four nmclecules, but it is »rssible that it centains enly twos

(3) If there are but Lo melecules in a unit cell there are cnly twe basic
structural possibilities,

(2) Both of the mclecules lie in =2 single planec and the crystal is built

O XX
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In this structure cach sheet can be obtained from the ~thers by sirple translatien,
(b) 11 of thc melecules in 2 planc are parallel tut the twe molecuvles

lic in alternate nlaness This pessibility is illustrated in Fig, 8 and wceuld con-

o F & \
e ORI

@/@@,@ B,
F%H 25

Fig, 8a Fige Bb

This seccnd pessibility is ruled out by the studies of &ilute selutions of HCL
in DCl crystalslo which show that there is an angle cof 102° between interacting pairs
cf molecules 2nd that there is enly one kind of pair shewing aporeciable interaction,
Tt is unreascnacble to ~nticipate thnt the interacting rair is net the hycdrogen bended
pair.

(k) If therc are four meolecules per unit cell the number of reascnable possi-
bilities is still limited,

(a) If the four melecules lic in 2 single plane and it is ﬁssumcdfa) that
one hydrogen atom is bonded te esch chlerine and (b) that the angle between 2all hy-

drogen bonded pairs is idcntical, the crystal must consist «f the planes shewn in

Fige 9 and successive plancs must be derived fren ench cther by simple lattice trans-

AT 1N, @/’ @g Q/,./‘( @ﬂ @ﬂ
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Since the nlane abeve -r bencath ean he deriverd by either of two lattice translatiens
frem the starred mclecule to the face-centercd pesitien in the xz or yz nl~one, twe
structurcs of this tync are pessitle,

(b) If two merlccules e~ch lie in twe parallcl plones, the structure must
be built frem olanes like that in Fig. ?)but the directicns of the chains in adjccen
planes mst be reversed, There are two pessibilitics of this scrt, depending on
whethcr the reversed plane is displaced by a half unit cell in the x or y direction,

(c) If onc melccule lies in exch of feur plineg)the structure is similar
to Fige 8, ploncs ¢ ~nd d being obtained by reversing the Aircctien ef the chains in
1 and be This structurc is rulcd cut by the swe 2rgumcnts as is that of par. 3b.

It secns most likely then that the structure of HCL (and probably 2lsc of HBr)
is th~t of par. ha or Lb. In eithcr case the crystal is built of 2zige-zag chains, in
rnc casc 2nti-parallel in o singlc planc, in the rther anti-parallel in 27 jacent
plnnise

Net o5 much can be sa2id 2bout the structure eof HI, .. single shoro cormpenent of
the stretching vibraticen wrculd bs censistent with the tetragenal x-ray structure,

In this case two basic structural nessibilitics arc prssitlet (2) the melecules nre
arranged in parallel or anti-parallel chhins 2leng the tetragennl axis or (b) scts

cf four 2re arrayed perpendicular to the tetragennl axise However, s peinted cut

before it is cxactly this point which remains uncertain in the spectrum,

The structure is ~1lmeost cortainly differcnt frem HC1L 2nd HBr)fcr thc obscrved
peak is probably teec shamp te be interpreted 2s an unreseclved nair of pecksjy only
by this interpretation could 2 similar structurc be swported, .. final conclusien ir
this case nust wiiait furthcr study,

The -angle Between Meloucules in HCL an- HBr

In an orthrrhombic crystal tho dipole mement gencrated by each nermal vibration
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mist be 2leng the x, z or z axis, or in the present planar case 2lene the x or y ~xis

. . . o s . A 2 : ’
Since the infrarcd intensity is preportional to (/JX)OI or (/Jy)Ol’ then if noments
arc develeped along the bend lirecticns and a3itivity of nements is assumed, the
intensity of cach camponent is preoportieonal te the squasce of the directicn cesines
cf the ncleculer nxise It therefore fellevs irmmediately that the Irbensity rotio of
the two cempenents is given by the cxpressien

Ix 2

= tan KA /2 (1)

Iy

where o is the 2ngle between bends,

4n estimate of the relative integrated intensities wzs mnde by comparing the
preduct of the peok intensitics and the line width at half of the maximum abscrption
coefficientsse Thc rntics obtained for four HC1 filmc whose pock absorptien cecurred
in a suitablc ronpe was 2.25 (Fige 2), 1le62, 1,69 =n- 1,83, The correspcnding values
of A (or TT-o.) were 113°, 104°, 105° and 107°% The reascn for the variatien is not
knovm 2lthcugh it moy be that the films were partinlly corienteds In this cennection
it should be ncoted that the rtio of pcak inteasities wns rnly 1.17 on the single
film deposited on NaCl whcreas values 1430, 1432 2n?d 1,69 werc obtained fer these
deposited on KBre

Similar variaticns were found by the provicus invcstigators,z’3 but in all case;
the linc at 270L el was nmore intense, 21thcugh films werce depesited on beoth salt
plates and nctal nirrorss

If in fact the films were partially oricnted, the significance of these angles
is open to questicns Bven if there is no orientation cffect the angles nay be in
error because of a failure cf the initial cssurmtisns. It sheuld be noted that this

swme cbjectieon aoplies te the angles previcusly mecsured by Hiebert.lo
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Yhen the same estimite wns mede for HBry, ratios of 1,28, 1.26, and 1,23 were
obtained fren three films, 211 of them cn KBre The cerresponiing mean nnele is
cither 97° or 839, Ilthough thc same objections ~oply herc 2s in the case of HCL,
it dees scem very likely that the intcrmelecular zngle actunlly is much nenrer to
90°, This result is in nccord with the xeray structurcs.

Force Ccnstants in the HC1 and HBr Crystals

If it is assumcd that the ccupling between internal and extern2l nmetions cof the
mclecules is negligible, ~nd it is shown in appendix &4 tht this truc to 2 geeod np-
proxination, the petentinl cnergy change when the nclccules in 2 erystal are dis-
teited is

N N k1 k

2 V= Z Z Z Z fijri T (2)

isl j=1 k=1 {=1

k
where r, ond r’(Z

1 3
J

and ,Q—th unit cells,

are the i-th an? j=th intemal displ~cement coordinates cof the k-th

If the rmomentun cenjugate to an r is designated p, the kinetic cnergy is

(3)

It is worth neting 'mre that the kinetic cnergy contnins cress terms  oly be-
tween ccordinates beth of which arce cemneon te the same nclecule,
In the cnse of nrticns which may give risc t~ spectral ncetivity, either infrared

or Raman, cerresponding crerdinates of all unit ceils ~re cqunl., That is,

1 2 k

ri = ri - ...............I‘:L = I‘i

()
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il 2 k
Dy = pi = oo........-...o..oopi :T)i
(5)
so that cqnse (2) 0 (3) beceme
2V=1N S f.rr
AR 3 T
i, (é)
2T =N TZ ..0.D.
o i
i3] (7
where
w k£
e S
1] ij
£ =1 (8)
k
R et == T_ o JL
<1j L i3
k=1 (9)

The factcer N, the tetal number of unit cells in the crvstal, frcters from the

equxticns of moticn sc that the secular detcrminant is simply

(gf -NI| = o, (10)

Its dimensions egqual the number of intern2l ceerdinates in a single unit cell. In
the preblem 2t hand these ~re just the feur H-CLl stretching coordinntes,
If the HC1 =nd FBr cryst~ls 2re crthrrhembic, they must belong to one of the

Datie DZ’ or 02 spacc greuns, No mabter shich coney, an apnropriate sct of symmetry
7 :

coordinztes f~r 2 unit cell containing four melecules is
- /
81 = /2 (rl + Ty Ty rh)

So, = 1/2 (ry + ry — T, — rh)

3
Sy = 1/2 (rl —r,—T, & rh)

5, = /2 (ry — r, +r3 - rh) (11)
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The symmetry classificction of the coerfinttes dioen's ~n the narticular structure.

These coordinates facter the sccular “cterainaint ~n! yicld

D = G. B , 1 =1yeeneesohe
(12)
In this equati-n
= M
H / Ccl (13)
if MH and /'(Cl are the rcciprocals of the masses of H and Cl respectively. It is
clear from cquation (12) that for an orthorhrmbic crystal -vith £-ur mclecules per
unit cell tiere are but feour independent feorce censtantse In temms of the symmetry

force constonts detormined from eqe (12) they are
o= s = — / o™
= fyp = f33= 1)) = Vb (Fy1+Fppt F13+-rlh)

f10 = 1/L (F11+ F_~F )

—~F
22 "33 L

f13‘=~ 1/4 (Fn- F A~ F

F
22 33T

~ssuning that HC1 and HBr arc 2ctunlly built cof nnti-parallel zig-zag chains,
we sh2)1 designzte the hydrogen bonded pair in the first chain by ry and ry, the

anti-parz11el prir by T3 ~n Th. Then A an- /\3 are infrared active, with }\2

2
poelarized aleng the chain axis and )\ 3 pcrpendiculnr to it,  Althcugh 21 four may

b olo) alrekobel
s L IT R R S

4 PR -~ - F T Y
2sswie thzt the obscrved Raman 1lines in HCY are Al anrd
)\IJ.' The mest rcascnoble assignments of the cbserved frequencics in HCL1 arc then

as follows,
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A B
\)l 2709 2759
Ve 2700 2716
V3 2746 270k
= 2759 2709

Other permutrticns cre possible but these twre assignments 2re the only cnes con-
sistent with the as:amoticn thnt n: other internctirins are nearly as streng as
those between hydresen bended pairse This assumption is justificd by the previcus
finding thot only onc voricty of sigrificantly intceractine mrlecular pair eccurs in

Ailute solvtions of HC1 in DCl, 1i/c thus cbtain the ferce comstants

fll = L.31 x lO5 Aynes/cne (gns = L.806 x 10° dynes/
flp = £ = T 072 10°
£ .= 7 = 012 x 10S
13 2l p
_ 1 =) +~ - b
flh === 006 x 10

It is cf somc interest tc cerpnrre the nrincip2l ferce censtont f17 2n? the
force crnstant connceting hydrogen bended mrlccules f12’ with thrse cbtained from
the data of Hicbert ~nd Hernig rn nmelcculeor pairse In the cose of 2 pair of HCL

melecules which are ceoupled to each rthor

2 {~
Iy SR = (£ + £55) Cpeprpc )
1
1 2 2 £ L 4

It is to be anticip-ted that £, S £,/2  since acenrling te ca. (9) £y, is the
sun of the interactiecns between n single nelecuic(l) and 211 melecules (2)e If only
the twe ncarest neighbor melecules in the chhin centributed, the facter would be

-1 -
exactly 1/2. Using 2715 cm and 2737 cn L for the frequencics, cne obtains
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i = §.29x 105 “vnes/crn,

11
/ - 5
£, = 2,035 x 10 “ymes/en.,

both in greod asreenent with these cderived frem the presert worke

The enly ~lternttive interoretation of the socctrum, that the R-man line at
2709 cm.1 actually ccinci“es with the infrarcd line at 2704 cm-l, and that the
feurth cempenent is the infrired linc ~t 2616 em~l, leads tc 2 somewhnt Jifferent

result, namely, that f.. = L.20 x 105 dynes/em. 2n? the three cross-tors equnl

11
Zo.k, X 0.078 ! X 0,058 x 10° Ames/cn.  The principal force crastant is in
substontinl arrecment hat tho existence ~f three sizeatle crunling cnnstﬁnts.lcqus
tr the predicticn that three i fforent kin's rf interaeting pnirs weul” be rbscrverd
in Hicbertt's exneriments Those three prirs wicul?d have ha? vibratien frequencics
scparatces by 12 cm"l, 1 ea G 2L em™! fr-n the contral peak. The first twe
coincile well with the 12 em scpar.ticn chserve”, but the abscnee ~f the 1last
pcak rulas this intermretation cut.

Since the Roman spcetrun of low teaperature HBr is unnvailable, ~ crrnlete
treatment is imprssibtlc, Hewever, if it is assumc? thnt crupling tctrcen chains is

negligible, znc it is 2lmest cortoinly loss impertant than in HCl, the result is

== c 5
fll 3.45 x 10

5 (pns = 3.85 x 10S dynes/cn. )

f12 = ,048 x 10

In HI it is rnly prssible te obtrin 1 rrugh voluc of the princip-l frree een-

1)

bl Lol A ! o s i L AL - .-
SuTiL 1T LTI LIL St Wl UK E

5 ’
fll =. 2466 % 10 (grs = 2,95 x 105 Avnes/cr. )

It is scen then that there is cevidence of censiderable intermelececular inter-

2zticn, whether or not it be c~1le? hylmgen benling, in 2all three molccules, Even



21e

in HI the fun-onent-2l frequcney “ccercnses 100 cm-l ~n” the nrincipal ferce constant
by 9.5% from the gis v~lue.

Lside frem the siretching nme-cs the melecules my ~1lsc escillate abeut 2oxes
threugh their centers of zravity. Since each melecule of the unit ccll his twe of
these nrtiens, eight 'ifferent medes ~f this tyne may be cexpected; six ~f them may
be infrarced nctives They have not 211 been cbserved, Their nngnitude may be cs-
tincted 2s appreximately 265 em™! in HC1 from the cembinatien band at 2991 erml,

If ccupling is ncglected
b vp? = kI
where r, is the cquilitrium internueclear distance, I the memunt of incrtiz an? kT.
the ferce constant fer ocrpendicul-r disnloccments of the preotens, Using 266 cm'l,
we find rcoughly thoet
k3 = 04041 x 105 Aynes/crie
It is intcorestans thnt this is of the same (r?er of mognitude as the inter~

m~trzular intertection constnts feun? previcusly. If the cerrrasoending torsional

frequency in HBr is 240 cn—l, cbtaine” frem the band at 2660 cn-l, the ferce crn-
stant is

k = 0,033 x 10° Aymcs/en.
Conclusic

The lew tempecrature phascs of beth HC1 - HBr ~re tuilt from antiparnllel zig-
zag chains of hylrogen bene’ acleculos with anglus net tee Aiffcrent frem 90° be-
tween 27jacent nclcculus. This stoucture is qualitatively similer te that found in
gast~us HF ond indicates that the structure is based, not en n dipelec array, but on
hydrogen benids te the nen-bending orbitals of the ~Ajacent molecules This hns the
effect of pruscrving cxternnl volence anglese IT the 2ngle between melecules is
~ctually 2s preat ns 1070, as the mensurcrints cn HC1 inlie~te, there may be a fair

anicunt of hybridization in HC,
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In the c~lculntien of the force censtants in the HCL ~n” HBr crystals, it wos
assuncd thit teo 2 7oel wonrexinsticn therc wns ne intoractieon between intemnl and
extemal mcticns of the nmelecules in 2 cryst~l., This can bte shrwn as fellews,  If
FG+GF

turtotien thecry the i‘t"h ¢igonvalue of a set of coupled horm-nic cscillators is

we definc the syrmoetric —mntrix H= s then ntcoring te secend crler por-

displaced by an ancunt

1n{h
i :Z?i‘iT‘ (1)
J Fe 4 ’&

L 2

/ o /I‘zu (.) ~
by the introduction cf the crupling HL‘ » w In egs (1) ,\‘_' = 4 «

¢
o -
if V. is thc frequency (cenm 1) in the atsence of the ceoupling elements. In the
)
present cmsc the eirenvilucs, )\&: , crrresoonding to 1ottice frequencies noy be

ncrlccte? with respcct te th-osc reorcsenting the intcrmnl vibrationse Eqe (1) con

then be put inte the form
o 4 3 / e
32mc vt ap, = 2 [Hy ] (2)
- §ES ¢
1
If it is assuncd thht the cr'er of magnituie cof the c~unline clements = ,,'&' is
the same 25 these coupling internal vibraticns, er the di~gennl elomonts for the
torsicnsl lattice vibratiens, then the frequency shift arising from crunling between
intemeal on? 1nttice medes wouls be woreximtely 0,2 cm'l. Even if this estimate
were in censiderable crrer it weuld still be justifioble te neglect the crupling to

lattice mcles vhen sclving the preblen of the intern~l vibrations,
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:';Iﬁﬁa@ctm and Structure of Crystalline Am-
monia Hydrates

4

E c’ . D. WaLDRON AND D. F. HorNIG

Recervep Auvcust 20, 1953

Recent very careful studies of the heat capacity
and thermodynamic properties of NH3;H,O axzd
2NH;-H;D,! as well as earlier studies of the sohd
phases of the ammonia-water systen,? have dem-
onstrated that the two ammonia hydrates are well-
defined compounds of exact composition.

The structure of these compounds is of some in-
terest since they might exist either as simple hy-
drates or as ionic crystals. Although considerable
experimental evidence exists to indicate that aque-
ous solutions of ammonia are only slightly ionized,?
Hildenbrand and Giauque regard the crysialline hy-
drates as ammonium salts, i.e., (NH)OH and
(NH,):0.

No previous spectroscopic studies of the solid
phases of the N'I;-H,G system were uncovered in
a survey of tle literature although the infrared
and Raman spectra of aqueous ammonia‘® have
been obtained.

In the present study mixtures >f NH; and H.O
vapor were admitted to a low teinperature infrared
cell®* and condensed on NaCl or KBr plates conled
with liquid nitrogen. The spectra obtained were
consistent with an ammonia hydrate structure and
definitely exclude an ionic structure.

Results

Figure 1 shows the spectra obtzined for mixtures
of NH; and H,O at —195°, together with those of
pure NHs, H,O and NHX for comparison. It is
immediately clear that the spectra bear little re-
semblance to that of the NH,* iori, and the ab-
sence of the NH,* ion bending vibration at about
1400 cm.—? is conclusive. On the other hand, they
closely parallel the spectra of crystalline NH; and
H.0, although there are sore clear differences.

The interpretation of ‘he low frequency region of
tlie spectrum is most obvious. The strong ice
band at 812 cm. '7 appears in the spectrum with
cxcess H,O (A) but not in (B) or (C), so that tie
H,0 in the compounds is included in a lattice dif-
ferent fron: ice. If the 812 em.~! band is a lattice
vibration connected with the torsional oscillations
of the H,O molecules, tlie H,O molecules cannot be
as tightly bound in the hydrates 2< in ice; 1.e., one
of the G-H - - - O bonds must have been replaced by
an O-H - - - N bond. The symmetrical bending

(1) D. L. Hildeabrand and W. F. Giauque, Tais Journat, 78, 2811
(1953).

(2) I. .. Clifford aud E. Hunter, J. Phys. Chem., 37, 101 (1933).

(3) P. F. van Velden and J. A. A. Ketelaar, Chem. Weekblad,
43, 401 (1947),

(4) G. Costeanu, R, Freymanua and A. Nahernize, Compt. rend., 200,
819 (1935).

(5) B. P. Rao, Proc. Indsan Acad. Sci., 30A, 292 (1044).

(6) E L. Wagner and D. F. Hornig, J Chem Phys., 18, 296 (1550).

(7) F. P. Reding, Tnesis. Browa University 1051,
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Fig. 1.—Infrared spectra of crystals of the NH;-H;O sys-
tem at —195° together v-ith comparison spectra: A, NHy-
H,0 + H.0; B, NHy-H.0; C, 2NH,H;0; D, NH; +
2NH;-H,0 (somie frost formation entailed by a small vacuum
leak); E, crystalline NH;; F, Ice; G, ammornium ion.

vibration of ammonia, which occurs at 1060 cm. !
in the pure crystal,® appears at 1102 cm. ! in NH,--
H,O (B) and as a doublet, 1020 and 1091 cm.—}, in
2NHyH.0 (C). The doubling probably indicates
that the environment of the two NH; molecules is
not identical. Excess NH; (D) produces an addi-
tional shoulder at 1069 cm.~! which mizy be identi-
fied as free NH,.

Both the bending vibration of H,O and the
doubly degenerate bending vibration of NH; may
contribute to the absorption near 1625 cm.”l.
However, since the symmetric bending vibration is
far more intense than the degenerate one in both
gaseous and crystallite NHj, it does not seem likely
that very much of the observed absorption in this
region is caused by NHj,

The stretching region cannot be analyzed so
straightforwardly. The peak at 2950 cm. ~! occurs
in the spectrum of both hydrates but is relatively
more intense in that of NH3-H,O (B). It is prob-
ably too low in frequency to be ascribed to OH,
since only acidic OH in very strong H-bonds ab-
sorbs at so low a frequency, and then only rarely.
Similarly, NH . . . N bonds would rrobebly nct
lead to such a low frequency, leavingan NH - - - O
bond as the most likely explanation for this band.
If this is correct, it seems likely that in 2NH,-H,0
only one of the ammonia molecules is involved. The
peak at 5140 cm.™? {C) belongs to 2NH,-H,O and
may represent a weaker NH - - - O bond from the
second NH; molecule.

The remnaining peaks at 3220 and 3365 cm.—! are
characteristic of hydrogen bonded O-II and N-H
vibrations and cannot be assigred in detail. Al-
though somz of the 322G cm.—? absorption in A is

(8) F. F. Rediug and D ¥ Horrig. J Chem. Phys.. 19, 594 (1951).
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undoubtedly caused by ice and some of the 3365
cnm.~! absorption in D bv ammenia, it should be
noted that the addition of NHj; in passing from B to
C increases the relative intensity of the 3220 em. !
peak. 1t follows therefore that NH; also absorbs
in this region.

Structural Conclusions

It seems clear that neither hydrate of ammonia
contains ammonium ions. In addition to the rea-
sons previously outlined, the presence of NH,*
ion would imply OH~ or O~~ ions. In the former
case a frequency higher than any observed would
be expected (OH ~ absorption occurs at 3638 cmn. !
in NaOH?); in the latter there is no explanation
for the two highest frequencies.

NH,-H;0 is a bimolecular crystal. There are five
H atoms and only three unshared electron pairs per
mole, so at least two H atoms must be either non-
bonded or very weakly bonded. 1If, as in crystal-

NOTES

Vol. 75

line NHj, three weak hydrogen bonds are formed to
the single electron pair of NH;, only two strong
bonds can be formed. From the spectrum it can
be concluded that a strong NH - - - O bond is formed
(2.8 A. or less from tie magnitude of the fequency
shift observed) and that both hydrogeas from }H,0
are involved in at least weak hydrogen bonds (since
free H;O absorbs near 3700 cm.™!). This implies
atleast one O-H . -- N bond.

2NH3-H:O is a trimolecular crystal. The two
NHj; molecules appear to be non-equivalent. The
structure includes at least one strong NII - - - O
bond and all of the hyirogens from H,O are hydro-
gen bonded.

(9 W, Busing, Symposium on Molecular Structure and Spec-
truscopy, The Ohio State University, June, 1953.
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