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INFRJ...RED STUDY OF WATER IN
 

'"V11{tor Stefov, Bojan Soptrajanov and Vlad.1m1r Petrusevskl 

Inst1tut za hem.1ja, PMF, Un1verz1tet tlK1I'll 1 Metod1J", Sk.oPje 

TIle appearance of -two bands dUe to the O-D stretcrling :
vibrations cf lsotoplcally isolatecl. HIX) molecules .in ,'::;' 

1 ~ ·-r,. 
. ,t:ne " spe;~txa of partlal ~y (leutel'ated CS-3VC16 ·lfH2 0 are" .',~' 

nc.>t c:nsistent Wl'G'1 nlt> proposed .space group (IuTlnJ) :£:)1' 

trllS compound a..:l(:l 'Ill ""-.2'1 ttle alleged eX1stence of :)nlY:,~~i 

one type of water IT!c>lecule.s, tl'1e protons of whicrl form. ~,hl. 

, equl val ent hydrogen Ij;)n::Ls. 

'.:,. ' ":,:, '..~.~ ~ ,~~l 

'Ille two ".iCe compoUl'lds - tr1(;es1.~lm ,:::.::.crdoroT.etraaquavanaJl.... ,"
'. "-),.... 1 I 

um(III) tei:racr-l:orl,je CS.3 [VC1 2 (H20).;JC1 4 (a much simpler, altough 
less informatlve formula Cs o3 VC1 6 ·4H20 will be used hereaft~J;<:~<f 

its rubidUm analogue were prepared and studied by McCarthY e.t..al(.. 
. . '~'."'~' .~"-. 

[1) . These authors deterrnined the crystal s true tU!'e of 
Cs ,3VC1 6 ·4H20 and studJ.ed 1n c1,etall the low-temperature cr~~Sti3.J. 

absorption spectra of the two ti tl e compounds and, in 1ess, ., d,e-<. 
~ .-', ':.... 

ta.il, theIr infrared spectra as we 11. 
" 

The crystal structure. however, was refIned taking into aCCODW. 
6nI y tne non-rLYdrogen ~t oms ar1d shoul d .t,e- considered as rnodera+. '?

1y re 1iat>l f· (an R val ue of C';·:' I:"w:a~ reported), The spa.ce g:l"uu~' 

JnTlT!1 was CYlv sen I 3.1 7.;-Lough groups W 1 tl~ lower ;:. yrrmetry (IfJi72 .':;JY: 

[227.! wpr'e al $,) C...'rlSlstent Wi tl1 -the observed syst.ematlc absence,; 
.i.n' the.~ welssenber-g :pr'1OtcJgraphs., S.i.DCe ,tb.€:' posi tions of trle r,t)'l..u,o" 

g-en atoms were not determined, the orl.entatlon' of ; tile, ','. w:a'cer , 
mclecules was inferl~ed taKing 1nto consideration the pOSSih,l..lyty 

_ ,.f • ....' 

of format"ion of strong hydrogen bonds of the O-H·· ·Cl type. An 
;-,..:. _ I ' ' 1':_ " , ;. i (.~ . r .." 
- :~:n:lGh: bonds. were asswned t. 0 ~)e 1den·tiea 1 and the 0·· ·CJ'oist:at.:.i;ie.'£:, 

,wer~ r~p.Qr::ted to t,e 303. 8Dm, 'Rb3VC ~ •. :!4H -;:0: was. bel1eve.d [1 j. +0. be
. - ...". . . 1', ..·oJ ~. , t·:_".::·:: __~ .' ,..-. 

i.SomorPhous' wi t.fl (;.$:5 VC1 ;'4H20, :6 
, ' 

As ment lOllelt, S0l'l"lE" 1r;frar·E-d. data ;ali st of wavenumber :;..;ib.1.J,e.; .J(;~':-. 

the bands observed in T.rle spectra of the prot lated 3.11(1. (leuterate(~ 

sarr~l es a.t room temperature an(} a tentative ass1gnment t _. ~wert;=' _ 
, ;:-1 'j,

given in Ref. 1, The 1nfrared spectra were lat:er reported H: 

l11(Jre lietail in Ref, 2, where ~he Rarr,an speGtra were 3.1$0'; g!;V,Ejl1-':.... ", 
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To complement and extend these studies, we decided to investigate 
the spectra of tr!e prOtiated compounds not only at room but also 
at liquid-nitrogen temperatur'e (RT and LNT hereafter). Also 
studied wer'ethe sPectra of samples wi til low deuterium content at 
boH1 Rf anb'LNT' (no such studies wer:e jl'~eported In' ei ther Rex. 1 • .. :',
 
or Ref. 2). S'ucrJ. a choice has been made since the study of the
" . . .""_' or.",., 

Infrared dpectra of isotopically isolated HJ:X) molecules is ID10~' 

to proyide valuable infol"l'T'atlon about the structural characteris
" I 

tics bf/ the water ~lecules in crystallohYdrates, whereas ~e 

COmpar!i,son of the RT and LNT spectra facilitates the assignment 
of the; water 1ibrational bands. The resul ts of such stud1es are 

i ,-,' . "...,...".. ~ 

par-tly ~eported 1D the present paper. These stud1es are, lU
 

essense, . acontinuatlCJD of O'ilY' previous investigations concernl~ ..
 
the 4qua complexes of metal (III) halogenides [3-5) 1n which
 
strong:hydrogen bonds eXist.
 

C- -

EXPER lMENTAL 

The- crystals of CS:3VCI6,4H.a0 and Rb3VC6 ,4H,;P were prepared fol

lowing--the procedUre described in Ref. 1. The partially deute

rated' compounds were prepared in an analogous manner, using H20

DzO rruxtures (containing HCI/DCI) of appropriate composition.
 

i 
The :infrared spectra were recorded at room and liquid-n1trogen •temperatures (RT andLNT respectively) on a Perkin-Elmer 580 

infrared spectrophotometer. Both csr pellets and mulls in Nujol 
were:used to obtain the spectra. A VLT-2 cell, cooled with liquid 
ni trogen was used to record the LNT spectra. 

-- I 
RESULTS AND DISCUSSION 

'TI1e i R'J;' and LNT spectra of CS3VCle·4H.a0 are shown in Fig, 1 and 
those of Rb3VCl e ,4H2 0 are given in Fig. 2. As seen, the two sets 
of speE:-tra are qui te siInll ar to each ott!er in agreement wi th the 
suspecteli,- [1J isomorphism of the two compounds. To be roore pre
CU'~, \11e isomorphism between the two compounds can not be rul1ed 

(.ut on ....hl S basis alone but further stud1es are required in order' 
to ascertain the strict isomorphUsm between Cs 3VCl e ·4H2 0 on the 
,Xt= t1.c3.D-d. and Rb 3VC1 6 . 4Hz ° on the other. 

TIl;:;' frequenCies of tl1e maJority of the bands found in the RT 
spectr.a: .of n!e two compounds agree rather well Wl th ttlose repor
ted. by MiCl1..-3.1sKa':'Fon-g et aI-. [,2]'. 
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There is however, a ~ery l.mportant cmiSS1~;l.' i'il: b'~th 'Re~ .b~l'::a..'t1t1.I 

Ref. 2 - no men1:.1on Via.s made of the bl·:oaq. bands apparently cen
tered (at RT) around l' 350 cm- 1 "lD the. s'pectra of t11e": tw-<f ::-'ti tl'.e';

compounds. As seen .in Fig. i atld Pl.£? 2< :3.,.siJ.:'fGs ofqJfte~::V"eJT-"_' 
.... <-."' ...; :).:.' '. ..~,~ •• ':-••:·B.~~·::'").ti1 ;:::: " 
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reso 1v~d' l:iand..:.; havlng ('ono5 i<:1erCibl e ,ult-:-nsi ty appears at LNT In
stead- 0-£' the l! l-,struc:tLU'ed featu.i'''es present at RT. Siffillar bands 
but atsbmew.hat lower frequencies, were found in the spectra of 

,J . 

A::-23,5H20 [3J an,j also in t:1.ose of Cs2 CrCl s ,4H2 0 [,5), This re
g10n will not be dls~ussed in the present paper, ~
 

Tl"led:i ;:;C:i:.1SSJ. ,:m ('(:n:--ernll1g the Ll:;:;-'atlonal bands will also l)e •
Postp0Tied, We shall simpl Y mentl,)~ 'that the comparIson of tl1e RT
 

and LfITcspectra c(JDfJ.rrr..::: :,!"le assignment [1.2] !)f the bands j,;,
 

arvJ..rkf:·,;.';74'(;-3nd flO cm- i t ..., wa.ter Ilb::'atlons, It is not certain.
 

howev-&-.,;J:that -w'1e wea1-~ band at around 810 cm- 1 1n the LNT spec


tr1.lm:;.ofT Cs.3VC1 6 ·4H O or around 830 cm- 1 ',In the correspondu18
z

spe('fr.ljm;~' of Rb::YCl t- -ltH2 C'l Indeed :belong to the same llbratlcmal
 

:... .!. ... 

::1O(:~ -a§"~.themuch .stronger j)3..'1d at ~ ower f~'equency. as c lalIned by 

McC:a..r~tt:I'y,-:and.lus (:clla.t)...~,ra~.;)rs. It lS, na,rnely. possible ttlat the 

t.wlst:f!iD;'·~'·-mode (Which 15 Infr'aL""ed lnactlve for a water moIecu~.e 

WI t.h,Ci~":, _synrnetry) has become actl ve because of the s~try 

1,)werim!.7.'" _: 

We .stla] r.--'l-h"S"tead concellt.r'a.te Ol...lr attentloD tr the O-D s-t:Y'etchlflg 
, . 

';"E'gL;~-;' :)f the spe.7tr-a of -:~amples Wi th a Jow de-uternun r.:J11tent. and 
to the r~glon of H-O-H bending vibratlons. 

Tn thefprmer regJon, as mentioned, tl'1e O-D stretches of isotoPi

(_~·=-llY IsOlated HJ:X) molecules are expected to appear. If U1e HDO
 

I 

;".'!olec,lle;s are indee.d s;ll"ro;mded only t,.y H2 0 ones, then the number •,)f C-J.; !lands can supply irdo~'lIlc3.ticm a.bon~ t.lle number of differ'ent
 

h.,:,rdr-(\re;~ atoms In U:J.e s'tr'uctw"e On '.he nt:-ler ha.nd, the study of
 
I .. 

'.lJ,e H-'·~;~H:l:)end.1n€ reglon (:,f the sper::tra. Gf samples WiUl a very 
; i 

:-,.~ gh dtlgree:: of (1eu~.~ra..U ::m (alternatl 'Ie l y, t1::..::' reg 10n of D-O-D 

::f·n:.:Li. L'll? ,'q jri +'r-~,j spec tl"a ,')f sa;wl e::; w] U-l low cleuter1 'JJTl content) 
>'':.l'''l e],'v~'''~c~i~(~:c<ific_;n$ ·:d"O-:"lt the munber c::f structul'al}y different 
v:,~t2r mol enlles lTl tIle .st.r-UGture. 

-:; :-1E' 't·l. t ',j-a t ion 1n t../le 0-D s t.re t C11.1Fir regj on 1.S CompIlea t ":' d by trle 
f;'l.Cl(t".r...at 'ln the correspont1111€ ['eglon bands (due to second-orrler' 
~ ':"'('l.ns1tJons) already eXl.st 1n r.l'Je s:p',"'(.tra. of t..tle protiated cc:m--' 

.!:'-~W){.:i.s Fortunately, the banc:1s (Jrig1.naung from '!:l-le uncouplecl v-D 
;:t1'e.LJ~h(::<~ (;of t:.1.e HD:) :n<_J!.e~ules appe-.ll:' :.r-;, the r~g1.on (l:f a transrru.
,,:S10) w.i'hdow a:1d a..~e, as a conseqJ.Cf:se, ViS lble even wrlen the 
,-:::3.im:·les contain nc,tm:')Y'E:- Ulan 5 :" deuter'1"J.m (Flg, j and F'lg 4), 

~. .' ~ 

AS rnentloned ,:iJ)('Ve, (tat a (1 J , only
- ... t'·" 

:'ne . "type (·f water- mol'=:- -.'\; J es ( 1oca.t ':od ,'»1 a. mir1'o:1.'· pI ane) forrfung 
,:qui '/~'l elit hYlirr)gen b,',:ids lS exp.ected to ;:,e present in 
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structure. The appllcatiNl of €r("lp theol Y shows trJ.3.t 1f- tius,- ~$ ',"_.Or 

true, then in the spectra,.f partla~ 1Y dell terated (1-5 ;< D) an~-;-. := ,; 2
logues- only one band due t~-, ~ie O-I:- 3'trE:-t··.·jJlngs of lsotoP~.~q.ll? J •• 

lsolated HJX) molecules· sl10uld a.ppear (.s.r·(Junt1 'or be] ow 2500 'ym::~,- .:'\ 
- -' -.. -- - - -. • .. ' ,~v ,:._ • . c- - - ... 

depencllng on the rJ.Ydrogen-boncl s~rength) , ,T.:-"'r J i: i'" :-':':' .. ,;) 

.... -. -. 1 -':"-:'wr_": 6 

The cxpec:tati':)ns are ,',,' 't l<'rn put, t,,~wev·er. c'''i~S'''st:enJin 'F'ig~e"J:-i~ ,i.);J s.-': 

the LNT spectra of CS3VC1~, ·4(H.D) ~/) a.."1d Rb3v'C16,·4HaO,tWOb.q,,:,D, /:: : ..:' 

stretching bands (instead v: :.ne) are found, ::'~e' frequenci-es 1."',9J~ - >i::~ 

the components of the doublt:ts are 2288,and 2278'cm-'i in.th'e;.l·ca~1.:':"~_

of the' cesium compo-.md and 2288 and 2258 Gm- i for the rUbid.i:i;JlJk".x"·:
r . . , .. (.~ ~ _ 

onE' "( ~h:- val ue.~ are taKen from .spectra :"ec:orded from Nujol": rrr.~j S (f'li'" _.

at t*i)'~ Whereas the SpllttlrlE ln the former case is cle~l-V,-~~--, 
'J'l S.l.b'i e onl y at LNT the m;l,::~ 1aY'ge:' sepa..rat. 1 cn 0 f the two '"C\)fTlR:'E- ~,.-:~~::I 

nent~ ;··li.~ the spectrum of pa.......Ually deuter'a+.e,:j Rb-3VC16 ·4H,aO .~~s~:::~: -:'; 
.i. 't. PO'sslbl e to discern C1e eX1stence 'of two O-D stretc:t'!ing. b~.:::.: J,.C 

at much higher temperatures (the consecutive spectral curves.·,qI)e .'-
"'~ 

'.~' 
~ ..... - -~, 

namely, r'ecorded as the temperatu......e lS lQwered from RT to LNTtn '.~\,' 
~- ..... -. - . 

2Sf)(J 2200 27"') , 
'-----_.~ 

Fig. 3. ChanEes on cooling in the IR spectra of CS3VC16·~H20 

(alb) and Rb 3VC1 6 ·4H;2:) (C,d); spectra of tl1e protiated (a .. c) and" 
partly deuterated (b, d) SpeGleS are shown, TI1e OD stretcrllngs -are ., . 

::' :1

marl<,ed With arrows 

:: . 
.', -·1· .... 

It J.S. t-ihus certaul trkit not all protons 1n flthe:-- of U1€: 'twe; 
:.• :~ . '0' 

(: ompo'Lmds are equlva 1en t, at 1eastat low t cr.-;peraUlrE' s .. 

:liE' st-u,:ly of the H-O-H fJendlng region, :)n the oU!er :ri~1d, shows 
tll2.t trier€' is indeed OflP slngle type of water mlecules:'-rri: the ,,'. 

, "".::' '.~ .. ..~ 
,~ase of the protiated C(ATJpOUI1(]::; a do,ll-,let of bands eXists .ln eat?tl_, 

" 

e. ::.' .. 

~.- 

:.... _." 
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..~~. 

~·f the:~spe.c:tra shown Hi rIg. 1 and Fig. 2. AS the deu't,=,riurn c:on
tent'l-n, the sampl es .:..,s inc"eased, l1.owever (Fig, 4) I a 7.~1i.r·d band 

appears in the transmission window ]:')etween the components of the' 
dOtIDlet.' Tile intensity of this third band gradUal 17 :n~reases and':~ 

-'. '..	 ~ .. ... .:: .6'\ ';" .~~. t 
onn!.'tai.·Single .. b.and (~l,anKed by two very weak satelltes} 1S fOUnd-<' 

In -'i:tti~! sp'e~G-tr.a ~;f~ the,' ~iniosi . <~'omPi ~le l'y L-:qeut,er..ated ,. corm:i)unCis 
InS'te"~0 . ~. . ~-	 ... ,.' }. . ,. .., 

.' 

I 
1\" 1700 1600 1700 1600 1700 1600 1700 1600::;.lli:>:: ..1.,-'•...,. ---l	 ...........-.,..	 -l-- --I
 

Fig. Lt{>TI1.e <5 (HOH) bending region in the LNT IR spectra of proti  •
at.e~-.	 (1) and partly deuterated (2-4) CS 3VC1 6 ·4H2 0 (the deuterium
 

r i content increases going from 2 to 4)

I .... .~_ 

Lt, Sf"lQulg be noted that the separation of the two factor-group.. ... .. : 
c.o~~~t£: :.l..s,:'rui t.e large (over 30 C~-1). 

- ., ..- ~ 
•• 'r-4 ."'} 

Another.. point .w(1!"th men:t1onlhg is -the -fact that not all axes of.' 
-.~ . '.	 . 

the thermal elipsoid of the oxygen atom (calculated on the basis
'-. -: . 

of thE:' pUblis11e/i temPerature factors) are real, This may be taKen
 
as another ~ndi~ation of incorrectly cteterrruned crystal struc~
 

~ur'~~" !A, .·S?inular sltuation was encountered (5) 1n the c:as€o-of
 
.. :.:."	 ._ I" . 

Cs /:~~'S!:-5: ~.l.f}~20. . .. , 

TaJ-:er.;	 "a.J T;ogether,' our experHnental data are not ln a co~let-e 
. .~ ..... _. 

~r,:·~;r!,,::r..:.~. ,,~~ ':}-j Die ~onCiuslons drawn· on crysta 11 ~_~ra.pil~C grC)'J11d.s. 

:Y;3I'l ',;u:;:reasol"t.$ T/'J,.)..y 11 e ber.l.lnd the observed ttl scr'epal1C Ies. 'The 
onE' ";';r-:lctl' ~s ea$les~_to 'taKe into consid~rati(m 1S the incorrect 
c-T,'.: '..... '.' f 1J1e spa('p. €r-oup. As ment ioned above, two o::her space 
gr·..··;r·J .': '.ire possib'le and 1 t is possible that (,;ne WI th:lower sym
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metry should have been ctiosen instead. 'n"lUS, if the spa':'e group 
I222 is the correct one, tl}€n there can be no mirror planepF;e,~ 0. 

sent in the structure and the two O· - : Cl c..ydrogen bonds for'me(i,' b.~!2 • 

the_.W:~t;er protons need' :llot ,De _~qul val ent ,,:: :: ,":" : ,_. .:. :"':", ~,'::_:; 
"." -.:... . ~ ..~-.~- ~::... ' - ..J 

":.., .. , . _\(. • \ _ _ _ . . . ." ....=. _' f.-_ .,.'{ f'T 7. ~ .:.. '..,.~ 'j _'-::. .~::.. .,' • __ '~. '\ _... • ..": -::. ~ ••:__ ::: 

Ttle possibl'l i ty 'ci'f~'s'yrmletr¥':d Q.wer~.Wan,as-sl1r'he'd-,·- 'has --be~ro..:.bri.~ftv j'- . 
y , •• ' '''' .. '.J ~ .i ;....:: ,-:.r"~ f': Co':'·:'A ;::;.... " ...... -. ~ 

and not very explici te 1y mentioned in Ref". J l' -WI1ere ;a:':':sms.:1j, :rtl:Qm-, ,,-:. 
bic distortion was tal<en a.s a possibl e expl anation of the o~r--:;:: ~ 

ved inequal i ty of the 111tensi ties lri' -the' pol arized crY.$..ta_t_~pec:-
tra recorded at two pol arizations.. -.J 

-:1
.J

SUch a noti0n (that the ac:~ual syrrrnetry is lower tha'"1 that::! as
sumed in Ref. 1) seems especially attractive for tl"le casie of 

.,
Rb 3VCl 6 -4H20 Where the O-D st:r:-etchlng bands of lsotopically,J iso
lated HJX)' molecu1es are split even at room terri,perature.i.
 
At least for Cs 3VCl e ·4H2 0, anali:~rnatlve explanation also:.deser, 
yes attention. It 1.S, namely,pcJsslble that a phase transition is
 
taJung place ·i.n the interval betw~en RTand LNT.-_~If. tlllS..~1 true
 
for Rb 3VCl e -4H2 0 as well, ~~en the temperature of the~~phase
 

transi tion Imlst be much higher trIan in the case of CS3VCl{s~·!fH20.
 

, I 

As seen, the two O-D stretching. bands in the spectrum of the- ,
 
slightly deuterated cs 3VCl o -4H20 are almost coinCident,l.ndica
ting a strucur'e wh.1ch may not be grossly different from that
 
described in (1]. The large ,separation between the corresponding
 
bands in the spectrum of Rb 3VCl e '4H2 0, on the other hahdti is
 
indicatlve of more ctrastical differences in the. hYdrogen, bond.
 
strengths so that the two COmpOW1ds may not, after all, be
 
strictly isomorphous .
 .. . 

Another point werth mentloning....,.t.:s.. tl:le very low frequenCY:'b'f'-;o.: Ule

o.-D stretching .bands. U.c;ing the corre 1au;n cUrve P{ml l-Mle'd' ·j·by:' 

Mikenda f5], freqUencles lower than 2300 cm- 1 would correspond to 
0- - -Cl distances shorter than 300I=m, 1. e. rrRlc.rJ. shorter than- r;'e
ported in (1), al though even the reported 0- - -Cl distance's are' 
Indlcative of qui te stront~ hYdrogen bonds. . .: .0'.' -, 

-l- , ,- """:" _~ 

It would be lnteresting to have tl"le structure of CS 3VC'1 6 "4H)) 
. '-"-'\" 

rer/?{ined and then cOITU'ar'e the crystal 1ograp111c and spectroscopic 
data, in order. to lietermine the re 11al>11 ty of tl1e spectra- strucure 
GOr·relations,randJbr-ma.ke them more reliaJ:)le. Before this is a6rte~' 
it does. not seem advisabl E' t.o est Hnate the 0 - . -Cl dlstances'" 11\ 
Rb 3VC1 6 ·4H20 on tr-le basls of the ol"lserved O-D fl~eqt.lenCles. It lS 

safe to assume, however, that one of them .is stlorter than,l'n 
Cs 3VC1 -4H Q.. . ,. c':.'6 2 

. .., :....... 1."1 ~~. .; :':,& :/, ;.... 4= , _. 
:'. " ~ 

>. ,"" "! " 
-', <. .~. , 
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POVZETEK 
" 

.	 ,~ ~ 

V	 inft"ardecem spektru delno devteriranega CS VC1 . 4H 0 se
3 6 2


poj~~ita dva trakova, ki izvirata iz valencnih vibracij rno


le~ul~ 'RDO. Ta ugotovitev ni skladna s kristalografskimi 
• ~J	 .~ 

poda tki,. ,po ka terih spoj ina kris talizira v pros torski s~upini 

Irnmm, molekule vode pa bi v njej tvorile ekvival'e-ntne vO'di

Kove~~,zi. 
~. J I 
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