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ABSTRACT

The Raman spectra ‘of water and aqueous. salt solutions are presented iri
the form of a vibrational density of states. A(w). This R(w) format
reveals with greater definition the low frequency Raman bands due 1o

polarizabllity changes In the weak bonds of intermolecular complexes. For

1

pure water at 25°C. broad bands were observed at 66 cl:n— and 182

em™' due to hydrogen bond bending and stretching ‘modes.  High signal
to nolse ratios achleved by muMiple scans permitted the construction of

difference spectra which greally assistod the measurement of peak frequen-

1

cles and doepolarization data. The 192 cm™ ' band In the ‘spectrum of

water was found to be slightly polarized while the remainder of spectrim
exhibited largely depolarized features. The hydrogen bond stretching mode
3 "%, This mode Is

of weter shifted 8 cm ' In D,O and 17 om in Hy
umrpmoa as arising from oxygens moving about the hydrogen Involved In

the nyurog-n bond but with the proton remaining closer to one of the oxy-

- gens. The effects of saits on the water spectrum have also been Investi-

gated. Most salts Increase the relative Intensity of the water spectrum
]

although typical structure breskers cause a decrease in the relative Inten-

sity. New bands have'also been observed when saits are added lo water.

Reorientationg of the coi’ lon give rise to a depolarized scattering at 92

em™! in aqueous solutions. Polarized bands due 1o calion and anion

hydrates have also been observed. The symmetric slrﬁlch of "|I

Mgm?mﬁ* lon‘ Is observed at 359 cm™ ' In MgCl, while a polarized bang

|

for LCI odcurs at 384 cm”.' Polarized bands at 263 om ! for

aq)
= -1
saturated KF(,,. 208 cm ' for 10M NaOH,,. 203 om ' for 11.5M
= ;
KOH 4y 286 em™" for 5.9M RBOH, 0, and In CSOH ., are assigned to

stretching of the O-H-++X band. \
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" intornal modes of a molecule help t Identify the moled

. T, énd fow 1rq 8 yield

‘axperimental 'Inrlnus. The low frequency- Intermolecular -regich Is con-. ~

Vlhrauonnl upocxvescopy allows. one to dovgiop a piclure of a mmm

of ‘molecylar units with Intermolecufar lmarncllunl. Penkd nrlulng from -

while_chariges.In_the peak maximum. v,

on torm Bcting betwaan -

the upecln ¢ wnm\appnm to water. a iarge, amount of spoctrnl acllvlly 18-

oburved nol all Dl whlch Is

slly lrlnsll(ed 1o 'a simple molecuruy plc—

mw‘ In lacl 'H 0" is armmng but slmple, The rolmlonsmp hetwean the

Farhan speeubm and - the”structure. of water. And aqueous_solutions 1s Aat

well und-moum \lmprovau definition of me hundu present in the Raman %

“spoctrbm j required and can be nchlavnd through “high. qualy, multi-scan

' racurdlng st ‘the spectral data. © .. . _ u .
2 . . . "
Most of lhs_ work on water and' aquecus salt systems has . been

**: reviewad by:Walrafen (1) and has been updated to about 1977 (2,31 The

original work of* Walrafen 4] .covered a broad basq for the Raman tech-

. niques avallable at the time and much of the work since has confirmed’his

% o 4 ca
sidered to extend from 0.+ 1000 cm ' for H,0 and |s, subdivided Into two

roglons; The liprational region extends outward from 350 cm™ ' .and this ls

supported. by a local structure modgl of a Cpy 5 molecule unit moving. In

a cage of hearest neighbors (5. This Cyy, unlt Is, belleved fo be analo- .
.

‘gous to - the 'I" Ice structure for those waters fully.hydrogen bonded.  The

ligrailonal reglon ls yet 1o be fitted with any great certainty. but it Is

bolioved 10 be comprisad of three peaks. The reglon below 350 cm™), s
thought to be of a lranslullzinnl nature. - Problems arise In the assignmént

of frequencies to bands in this reglon due to the large contribution ‘of
R . oo :

. “and; i wigth at hait nnlgn’t: s
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scatterad light from the wing of- the Rayleigh peak to the Raman spectrum..
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Assignment (61 one band ranges trom 170%cm™" (6] to 191 cm ' 7] for the

O---H-0 stretch. ‘A simllar band *has been reported In the IR at 190
) —T—

and at 22 meV (8] and 8.4 A ' (8] for Inelastic neutron scattering

i apparent In the reported Raman frequencies for 0,0 - 175 om™! 141, 191
e om™™ 71, ang 180 om™’ (101 - and for H,'% - 181 om™ (71 and 170
g J
1

cem”' [10). A weaker o~-=H-_o"banumg' mode has been assigned a fre—
quency of 60 cm™! for 1,0, HE"’O and D,0 [10). The Intenslty of both
;ragia.nv drops  with In'cm'uslng temporature [1.4.7] while the Rayleigh
.| scattering increases (111 faster than would be predicted by colision
#  *Induced polamanﬂny theory - phenomena which show a breakdown In the

\v . water structure. i .
V!'lﬂll! effects on the Haman spectrum D' water have been noticed,
" when lonlc salts aré added. Addition of- anlons. _ such as bromideg~gnd
- ’ , chiorides. reportadly lower the Intensity of the lmnulnllnnal reglon * while
¥ raising the Intensity of the librational region (41 Similar changes have
i boen observed In the.IR 1121 and Raylelgh scattering (131 and havé been
Interpréted as anlon hydrate contribution 1o the librational raglon spectrum

plus a loss of water-water Ifteraction (structure breaking) [4.11.14.15I.

. Perchidrate. except for HCIO,, has been classified as a structure breaker

3} & Raman ‘spectrum. The presence of ,an lsosbestic point In the Infrared
- librational region of water has been Interpreted as evidence for an equili~
brium between waters of hydration and bulk water (C,, molecular unit),

b T

i [16] but' no evidence of a water-perchlorate hydrogen bond stretch was

4 found In the transiational vibrational spectra because of the weak bond that’
. w

i f

and” neutron . studles® ol are also -

In water [7,14] virtually wiping out the O-:-H-O 190 cm™ ' stretch In the ,

>
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forms ' between CIO, and H,0 7.0, om;r anioris ‘such as F~ and OH™

are. considered structure “enhancing In water. Both IR (18] and Raman (7]

studies Indicate an Increased intensity and v . 1ér the O+ -H-O stratch

band “with F~ addition and ‘recent X-ray (201 and SGF calculations - with

tor cont with ‘single and double substitu-

flons [21) show a symmetric HyO, ion formed. from an:OH - :-H,0
Interaction. : . ' /
Information concerning c!llo;l effects on the low frequency water spec-
trum Is scarce and such ffects are generally considered to be"small even
though .new peaks due to metal-oxygen vibrations of -hydrated cations are
often observed: [21; A Raman study of agudous Iithium halidps: [12]

reported that In dilute solutions a’tetrahedral LI(HZO): speclas exists with

1
solvent separated lon palrs form. e

the A, mode at 440 cm™' bul -that at. saturation levels lon aggregates or
Refractive Index studies suggest that most of the low frequency spec-

ral changes of iwater In aqueous salt solutions are due to the. effects of

lons on H, D - D interactions (18], although recent annn studles show ~

that lnnnse scattering also Arluos from rﬁorlunlullona oi anisotropic lons
(7. -Newer Flnylnlgh scun-rlng pwdlu [22] also showau lhe contribution

from #ic lons.  Poor

between solution entropies for
polyalomlc lons and shifts for m. IMT moment- of the. IR librational bands

for thelr aqueous

iutions were Interpreted lo Indicate that anlon redrien-

tation Is contributing {0 the solution antropy {41 These reorlentational

" bands of anisotropic molecules and lons are anl:lg seen In the Raman’

spectrum when the spectrum Is Jecast In a denslty 3t states format A (w).
° This study begins with a look at the Raman spectrum of water and Its

Isotapic analogues ozo and Hemo in_an A(w) format In the hope that a
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more precise assignment of the_low fraquency bands may bo obtained.
Isotope shifts observed for the O- --H-O stietch show that hydrogen-oxgen—
streiching. s diflerant for the two oxygens Involved. | Raman spectral evi-
"dence for" cation effects on the low frequency spectrum of aqusous solu=
“tions Is reported for LICI, MgCl, and CaCly - A polarized band I
observed In aqueous LICI at 384 cm | and Is similar to the symmetric

strotch. fox, the - hexahydrated magnnlum lon which appears at 359 cm'

No evidence of such l band’

seen for CACI,‘,. Strong anion-water

. Interactions ‘are reported foi F and OH_ and a polarized band appearing

@’ Raman spectra of their aqueous solutions Is assigned to an O-

He

X~ symmetric stretch. * The.presence of the 'structure breaking OIO;

“lon Is shown to disrupt both water-water Interactions and hydroxide-

The opy of the COZ lon glves: rise to &
reorientational band In the depolarized on;lr- of its aqueous “solutions.
The frequency of this band Is very close 1o that for NO; .

The spectra for all of the solutions studied were cast In-an’A () for-
mat to obtain more detall from the law frequency Raman spocm - No
attempt Is made lo test the relationship of A(w) 10 alw) Or?m the IR but a
comparison of R(w 'for the depolarized spectrum of water &nd ate) for-.

~
d water show similarities between the two spectra.

The primary problem In the study of low,frequency Raman scattering Is

correating  for ;nh. contribution  from n-ylolon scattering. Molocular . «

re ‘and arise from luuh actions as motions of

with permanent anisotropy or colilsion Induced anisotropy. Intermolecular

vibrations of hydrogen bonded species and. vibrations of molecules with




=65

week bands or coniaining heavy stoms. .Diffetsnce bands may aiso be
present In this region. The difference In Intel slty between ‘the Rayleigh
scattered light and the low frequency Raman scatiered light may be so
great that the Raman band only appears as a Getormation of the" Raylelgh
wing.  Determination of band shapes and positions of the low frequency
modes requires removal of (or accounting for) the contribution of the Ray-
lelgh wing to the spectrum.

- .
Some of the form of the in this

region has .been found In the study of temperature effects on the scattering

of some glasses. Stolen (23] and Hass (241 have reported a speotral

dependence for. gla

s In the low frequency Raman of |1+n (w) | where
{

. nm),[.—n'u/enr_ IR

ThatJs to say. mugh ‘of the shape of the w=0 peak Is due to,a thermal
population factor. When-the spectra -are corrected for the thermal factor,
the spectra appear In the form of a vibrational density of states. Hass
nas shown that. when & density of states spectrum Is recast In an /(w)
form at different temperatures. the experimental spectra match the calou-

lated spectra very closely. Shuker and Gammon [25] have shown the

dependence of viscous liquids on the population factor and a common fre-

quency factor. Under the assumption that the scattering Is due to vibra-
tions and the modes, have short lived correlation functions. the scattering

Is first order. disorder allowed 1261, _rn- r

l(u)-{:c (I/u)'('IM (u)lp W)

~
where Cb Is the coupling constant over the vibration at band . and qb'lul
is the density of states of vibration b. Hence to cast the /(w) spectrum

In a form of 9, (w). the spectrum can be multiplled by the factor




I . =8

\ T
j@0i#n (@), Recently It has been shown that the ‘coupling constant may’
( o’ a
\varg o ,ut the band [27) In which case the application of f this unction
may néI\P' a true representation of the density of states.

A

(Lunlo ot al. [10.26] have arrived" at the same function from ancther

‘approach.  Those workers derive a function. A(w). which Is proportional

10 the energy absorbed In a scattering process.

R =o[s” w-s<w].
Hore S” (W and S<(w roter respecively 1o the Stokes' and anti-Stokes
scattered Iight Inensities. The mean scattered light intensity S (w) ls
gven by Scw=1/2[sw+s<@ ] and b @ tunction of the molecular

polarizabiiities ?

-lwt

stw=[o""<atoratt)2ar ¢

where I"-Unk:ﬂﬂﬂzﬂgt:)i‘l/ew)s(wl is the Intensity of scattored light of-
froquency w=ww and subscripts_/ and ! rofer to the Initial and.final
states of the transition. From the principle of balanced states.

< -hw k
[s lu)] _ JmT

S>(u)

Rt@r=s” ww [1-s 2T -

It can be easlly shown' that [l«c"""""r_] =(14n (W),

Lund goes 'a step
turther In showing the relationship. of A(w) to alw). the IR absorption

coefficient. , In the process \he has assumed’that In the far IR for most

liquids a(w) Is proportional to we 'n-l- approxmation results In:

atw) =otanh L:;] _fc X G o T e rar
where <U(0)-G(1)> Is the dlpou roment correlation function. . Since -
sm-uz[s’(_uus @] then




R =2s o [
—ho
1+62TKT
which Is easlly shown to be:

hw
ATKT .

A (W =2utanh [22] Tn""(a( 0 ath)>at.

This s ‘strikingly similar to the formula'for the Infrared absorption coeff- '
clent except for the dlﬂ.ﬂﬂ.ﬂol- 6' the two ;;racnnl nn.dl"ortml, !Ollﬂllﬂl‘h
rules. ~In’ the high femperature low  frequancy limit the R (w) function
approaches the classical second moment M,. The second moment.has Its
roots 'in the "Method of Moments’ approach to creating a Heisenberg pic—
wre from the energy domain (ls. the Fourlet transform of the energy

spectrum). The second moment is the Fourier transform of the second

- time derivative of the rotational correlation function.

G, (=172 [s [ a2 ]>

1281,

T lwwlde

My = T
- Jiwade
-

Although the second moment has been used to approximatel the A (w)'
spoctrum (301, It has a diflerait meaning In Its derivation and should not
be equated rigidly In its lnl-rpnml‘on.

Discrapancies exist in the Iiterature [10,30,28] as to which function
(tanh or exponentia) should be applied. Since most Raman experiments

only measure the Stokes shifts, the function 1o be applied should be ihe
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“exponential form as this will relate S” (w) to A(w) directly. In order 1o

usg the hyperbolic tan- function both Stokes and anti-Stokes shifts must be

collected and one added to the other.

The tuncfion one applies depends on the ullimate goal. If comparison

with the 1R is to be the density of states
function or A1) must be used provided of course thers Is a possibilly of
comparison with the IR (le. €'=€’(w)/n(wc where n(w Is the Index of
retraction or K.-nf In the oase -Where, ‘o’ comparison;“is ‘necessiry
alther of the funcilons (hyperbolicstan. exponentlal. ,or classical second
mam.ﬂ‘) will enable easler viewing of the low frequency lel‘t; as they
virtually remove the effect of the Rayleigh line. In the prosent study, 1He
.nbon.nn-l‘_lorm of-the R(w) was used.

One practical problem with any of these approaches to data-treatment

is the apparent Increase of the nolse with Increasing frequency. This can

be minimized through repetitive scans and signal-averaging. The relative
Increase in nolse is not unexpected as the functions are designed to study

the w=0 band and this Increase represents the deterioration of the S/N
ratio of the w=0 band with Increasing w. '

EXPERIMENTAL b
In order to-study the effects of lons on. the low frequency reglon of
water In the Raman spectrum. It is necessary fo maintain high purity and

homogenelty In the solutions used. Reagent grade salts were purified wi\n

IQIIVIl.G _0"!":0.' In ﬂ|lﬂ||l.ﬂ water to remove any fluorescing I";ll
The charcoal was ‘removed by flltration through fine frits and -the 'saits

recrystallized. The solutions were then prepared by dissolving the required

amounts of the salts In doubly distiled water. For the

the Il"; were added In excess and equliibrated for one week. Solutions

turated solutions.




were - fiitered 1
.

ough fine frli to remove any particiés which might give

rise to Tyndall scattering. The sample tubes were protected from solvent

evaporation with Parafiim.’ In the case of the lsotopic waters. treatment

was excused on the, qre\lnﬂu that the solutions were aiready of relalively

“high purlty - D,0. 99.8% O and n,‘, 8. 99% %0 - and on the high cost

due to loss of sofution that may occur during treatment. The aqueous

solutions - appear in Table 1. In addition to these solutions. spectrograde.
methanol and methanol 5.1M in NaOH ware propared., ‘NaOH and 1:1
NaOH: KOH melts were also pnpar-a for comparison.

Thie spectra we

recorded ll 298 Kona CODERG PHO Raman spec-
trometer using the 488 nm line of a CONTHDL model 553A argan ion

laser. The I

r power varied between 150 mW and 600 mW c.w.

depending on the scattering ability of the sample. The Incident light was

“vertically polarized and the scattered light. coilected at right angies to the

incident beanv, was analyzed through a vertically or horizontally aligned

polarold fim o give Iyy OF I, polarizations. A quarter waveplate was

10 ol the _The sample

tubes were masked .at te-entry and exit points of the laser beam to

minimize scattering from the glass. The siit widths for the double mono-'
chrometer were sot at 2 om '. The PMT was cooled to ~20°C -and sig-
nals collected via photon counting. The scan rate 'was' 50 cm™'/min. and

the counts were one pelnl per wavenumber for scans to 1000 cm ' and

two points per wavenumber for scans to 400 om™). The speoctra were

wavenumber callbrated with the 351.64 m_n“ plasma line. Spectra were
collected ten times In both I, and |, orlentations and the digital output

recorded on disk at the M.U.N. Computer Services VAX - 11/780. Data

. processing involved signal averaging to produce Intensity and density .of
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. Table 1
| N - i
- . Aqueous solutions studied - e
. . [ * .
;M—v;/ | ‘Conoentration "
3 L
= - .
Lict sat.) 18.00m f
Mgdl, (sel.) 8.70m
— Caci, (Sat.) : 6.71m %
KF {8at,) . o 15,89m
Kor-(8at.) ! 4.68m -
Nect (8at.) Toeam o -
K00, (8at) v 8.10m L
K00, d ™. : §
LioH .|
+(0.010M In carbonate)
@ 4 | B
T KoM 1.6M \
(0.031M In carbonate))
NaOH - ©10M
. iy (0.074M In chrbonate)
RYOH N 2
(0.26M in carbonste)
cooH : soM '
d (2.56M in carbonate),
NaOH + NeCIO, M In each
NaD n 0,0 oM

, < . ) .
s spectra for both orientations of the scattered light. ' The resuiting

spectra were ‘then plotted on a TEKTRONIX 4662 digital Interactive plotter
with the ald of a TEKTRONIX 4051 graphics terminal. Further data treat-

ment was.applied 1o the pure water and to the saturated lithium, . calolum,
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. .
and mngnnlum chlnrldn aululltms l‘! provlaa a relative Inlnn!lly com-

parison. | Intensity spectra w-m first ibrate to the Integ .

of ‘the v,‘, H-O-H bending reglon of tﬂu ‘wator.  Since the bending region

of ‘the water Is not &nnlarh\ld}h\\com%\enlrglhn 181.92). a second -e-l of
solutions was prepared and the v, water region was further callbrated with 1
the. symmetric siretch region ‘of the \nllrau lon (linearly concentration * H
.dependant by the addilion of 0.5M Potassium Nitrate-as an’Internal stan-
dard. _The result was a set of lculed“‘ Intensity spectra for the low® fre-

quency reglon without the Introdugfion of a material which could tself con-

+ tribute 1o the low frequency wanorlng,l Finally the R (w) “spectra.were

v . K :
scaled 10 have the same ratio of -integrations as was apparent in the’ .

Intensity spectra over>a région where the spectra changed iitle with fre-
.quency. Subtraction flles were created “lur 4ome, spectra by subtracting
the |, data from the corrésponding lW data to pm the isotropic Raman
_amlrum ||sg Iy =48 iy ) -
DISCUSSION - .- :
Water o |

The carller work M) on the Intermalecular vibration region of water has
not been Improved much even In recent y-nu. This Is due to attempts to t i
it this low_Intenslty region In_the I(w) format. The Intermolecular Raman
-yommm of water is shown In Fig. 1. ln the range above 300 cm 2
there Is a broad weak envelope. the number of components of which’ are

not visibly ovldml, Below 300 om™" there Is a hroad peak at about 190

|
|
om™ and wldcnce of wmo Intensity at about 70 cm “ Below this fre- ’

quency. Information bocemu lnll‘ll the Intensity of the ‘Rayleigh scatter

becomés more Intense.’ The same fealures are present in both the polar~




Fig. 1.
" wanslations and librations of water re observed from 100 em

om.-‘.

lyy (@ and I, (b spectra of H,0. Weak features due to
‘lO'l“:o

Amwwmnlnmlmmm-m
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ized and depolarized spectra. It s tinclear as to whether any. polariied
* Raman components are presént. since the drop_In the Raylelgh- scatter ‘is
. e -

30" large when the_polarold ‘analyzer ‘is sreoriented. .
« The spectrum of water In an R(w) format appears ﬁn. 2 and the .
18, £ T
data for H,0. K, :

nd 0,0 Is given In Table 2.
~— =

o
. - s
1%
Ky som . - e 50 0w
- . 5 (39) at 550
00 1, wsaen  wseesn -0
o moe T s Leww
" Brackets contain relative intensites, 5 " o !

A multi-component reglon exlsts between 300 om™ and 1000 cm™

attempt has ‘been mad In this work to analyze the number.of compon

in this_reglon. but' the presence of two or.'more bands Is‘a necessity ard

"due to the relalively steep slope on'the high frequency wing It Is probable .

that three peaks would be mulr-'d. TA it of . this, r.glon 138)_from the

N M i :
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Fig. 2. A spacira for Hy0.: Trarislormbdslyy data (&) and Iy,

data (b) -show the same. band featu 8 n in fig. 1 bt with qullllv
5 “

definition.- The hydragen bond soen ‘-t'me em”! In the

pular]ud ppectrum and a weaker ' depolarized 0+ +H-0 /bunvdvlnq

jné.‘lu obserpd at 66 om™1." The band at 192 om ! s, siightly
polarized nstrated by thelsotropit spectrum. (c).
« g
y , A N -
\
' -~
t y .
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Cem puua are: vlalbla bajaw 50 om

4§ ‘,‘-n-A'l )

1w format has Incorporated three banids at 425, 550, and 740 em™ with

= =1

» 5
half-widths ranging between 200 and 250 cm Below 300. cm the

bands In the R(w)' (Rig.” 2) stand out moreiso than I the /(w) format.
The band assigned’ to tha hydrogen ' bond-: stretching mode [4.6.7.101

H-0 bending mode occurs at about 66
-1

appears at 192 em™ and:the 0+
=

The subtraction spectrum

shows ‘a_slight polurlullon chlrnclorlsﬂc tor" the 192 ‘em™" band. bit the

1)

maximum ocoura at ubv\‘n 176. vm The dspollrlud spactrum shows the

maximum -at. & slightly highér m};u-ncy mtn does the polérized spomrum

Thd Y

son for* lhll dm.uncv Is um:lnr but It might be due to Ihﬂ lnﬂll—

ence ol umy Ratelgh scnnevcu wght.*, . . .-

The /(W) and'A(w) speotra- for’ H % and D,0 ‘are 'shown In-Figs. -3

cy ‘rangé between 300 om™' and 1060

10 6. - pomp-rlson of the' freq

cm" (ol Hao lnd H2 aO reveals |I||I0 dl"lr‘nca while’ the -nvdvpe for

* D, 0 I8 shifted" to lowcr luquim:lu This Ind-plnﬂnnco of mass for tha

" cedtral atom dnd large’ uplndanoo on maas for the. attached atoms leads .-

10 the conclusion that the modas ar

earlier -u'lnnmimn of this ‘region .to librations 6t the water spacles W

S 192 om™" band ‘of watet
-1

Thl u!slnnmlnl ol 1 to 0---H-0 llrotchlng Is

for H, ® and 186 ‘om™!

0,0. The 88 cm™ "V band drops In lmznnncy to 55 om " for boph H,

for
180

supported by the lr.qlum:y shift to 175 cm j

and 0,0, Fure wansiational ‘modes ‘should  exhiblt mqv-nay shilts of the

nllo (IVID) =,0,9487° hr bolh D 0’ ‘and H The shifts for' |hl

ﬂ(utnhlng modn of H O and 920 are 0.9211 and 0.9474 ‘respectively. -

An” lnd.pondlnca Dl lh. ON-H-O stretching mode 'l"h ﬂ.llllrlﬂﬂll VIIB

reported In previous

brm!onal In nature ’nd confirms the

ludlop (4.7.70].  The present work ‘ reveals only a’ .

fy "

slight shijit in this mode for DEO. There Is however a' greater 'uncertain|




1w ‘spectra of

1,'%. 1y (@ and 1, b,

Fig. 3.
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Fio. 4. R specra for Hp'%.  Transiormed Iy (@) and I, (b
spoctra show that the O---H-O strelch is siightty polarized and shifts 17
em™! trom that of H0 to 175 om™! confirming ‘the assignment of this o
pu\d,lo oxygen moving about the hydrogen [71. ~The hydrogen bond bend- "i
Ing mode Is seen at 55 cm™. / |
¥y s |

\ . |

|
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1(w) spectra of DQO. lVV (a) and L™ (h).

Fig. 5.
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Fig. 8. R spocira lor D,0. |, based daia (a) and that of I, (b) '
show the librational reglon ending at sbout 800 -em .
. 1

The shift of the

suggests that the oiygens are

0+++H-0 siretching mode to 186 cm
- "

moving about a non-stationary hydrogen.
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In the quote frequency (188 cm ') for the stretching mode because  of
overlap from the llbrational band. If the shift for the hydrogen bond
stretching mode Is rc;nl then the plcture of two oxygens moving about the
hydrogen as suggested by Brooker and Perrot (7] should be adjusted. to
show oxygen movement about a non-stationary hydrogen. I.e. the. hydro-
gen remains closer to one of the oxygens. the oxygen to which it Is
hydrogen bonded. This would ba' further support for the assignment of the

=

192 cm  band In the Raman spectrum of water to a restricted translation

of a water muleuule from an Inmmolsoul-r hydrogen-oxygen bond.

+ " Moskovits and Michasliah (6] have reported a band at 170 em™) in the

1

1w spectrum for HZO with a shift to 160 cm ' for 020 as a restricted

translation mode. They also reported this band to be depolarized. the

bands of the librational region to be weakly ‘polarized. and the presence of

a weak slightly polarized band at 290 cm™'. No support for these findings

were observed In the present study. -
The comparison of the A(w) depolarized spectrum of water and IR
absorption coefficlents for water, taken from (34], Is presented in Fig. 7.

1t I8 apparent that the two have some simllar features. Librations cover the

same reglon and the contour of the wings of the envelopes are roughly the °

same. Deviation In the contours ocour between 500 ‘and 700 om™"

and Is
to be oxptclod as the different selection rules will cause certain modes to,
be Inlcﬂvo or active to dlll.rlnl(.x"nln In the transiation region. the
peak maxima positions almost coincide. The 66 om_] band Is not evident
from the IR data. shown. "fh- overlay of the wing Intensitles’ In the libra~

tion reglon Is purely accidental as no scale matching was performed.

8l lb}. plot. does show .o?n‘o support M( Lundf " definition . of R (W) .

(10, 28). ) '
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Fig. 7. Comparison of (a) the A(w) spectra for N20 from IVH data’ Hith

N (B) atw) for H,0 from refragtive Index Infrared studies (341 - E .
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. Varlous lons .are able to enhance or-.reduce the lniamny in""cortaln _

- 29 -

Addtion of cations Y 5

It has been previously shown that additicns of lons' o water causes

changes In the Infrared kntmlr of the 20 - 1000 cm 2 renlon 4.,16.191.

. reglons.  Others still, ahew contrijutions from the lons ‘lhemléh‘u. In

..".c'. of the different

m- F!nman it has, been rapomd \hal anlonic spcclu uuys' measurable

snnancamant of lha Inlnn!lly o’! the llbrallnnal reglnn [4). . However, In
this study. it will be shown that the addition of anions to water can also

alter the spectra ‘of the rsglén below 300 em™!

bute bands which are uug o the recrientations of the Tlon Itself. - The

anacl- on the spectrum of water from. the addition o' cat) are reported

and In some cases contri~

as being very weak and to date are unavallable.. The lw} Raman }pcn‘lri )

for water and ulu\.mt aquoonu wlullonu of Clclz. Mgcl and 'LiCI lppur

in Figs. 8 and 9. These up Were scaled with an Internal uufllwﬂ

and show the true ratio/of the Intensities od the “soatiered ugm The

ations are clo-rry vlalniq both wmn'

Intensity- and khn blnd hape. © - = ..

The A(w spectra for. thes:

same solutions are &raunhd in Figa, 10.

and 11 and are summlrnd In ?ubl. 3. Dlmnnca spectra ware con-

structed. ta raveal the so spcevum lmm hy — 48 IVH ana ard ncluam.

. The lml meaning’ ul the chlngu obumd is nol dompl-nly clear. What

its there

can be_ s d to -be true is that with the. additjgn ‘ol the: an

Innrpuu-m' structure ap-‘ the solution. lhi degree’ of ‘which Is not as

Independent of oationio specles as onoe mougm {11, The band shape. of
the water antlnn uglan und.ruon mnny ulrlnou with m- various eallons
used, and the " 192 om™ blud of water ll shifted "o nlnhlv 1uq0lnclu

.

196 om”' for ‘CaCl,, 204 om ™1 fore MgCI

\ : '

lﬂd 193 om ! for .LIGII lnd
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Fig. 9. 'VH Raman spectral_data for saturated soiutions of (a) Clclz.

i Mgclz. (c) LICI, and for water (d) Intensity u:ulog with. a 0.5M

!(Nl:)s Jﬂornql standard. * . .
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Fig. 10. Alw spectra from transformed Iy, ‘spectral” data for saturated

T band of water (d) shifts to

1

aqueous chioride solutions, The 192 em™

196 om™ f¥ Cacl, (=, 204 om ™! for MgCl, (b) and 198 cm™" for LCI

""(e). Various: changes In the contour of this reglon show that oation

effects on the spactrum of water are real.
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% Fig. 1. AW spectra from transformad. I, spectral da¥{ for saturated

~ aqueous chloride lclullm!l. Oaclz « Mpl}l2 (b}, LICI (¢). and “20

.
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- Table 3
-1 -

Spactral datw for saturated alkall and aikaline earth chioride solutions

e, 196 (275) o 74 (1000)
2 |::' 18 (198" - . jm am ¢

Mol 204 (230) Qvﬁl 648 (634)

A * :x 195 (160) jhv' ) 643 (628)
¢ .

. ] v 183 (408) 308 597 (634)

" [ 166 (289) E 669 (586)

\ : =, ~

Ho 122 (150) - i 850 (138)

. 2 " 196 (100) 850 (S4)

Brackets contain relative |m@
- - Increases In Intensity. This Is contrary to that reported in (41 and’ implies
* ' some catlon enhagcement of the O-+~H-O stretch.” The band at 66 om™!

in water Is absent from the aqueous solution spectra. Nmbuph the ions

present were chosen 8o as nbt jo contribute scattering due to their own
. . .

anisotropy. changes In band maxima and shape cannot be Interpratated as
solely due to enhanced water modes. The presence of weakly hydrated

species Would give rise to such.changes. o

Clament and Fourche have recorded total Rayleigh scattaring Intenfity

|
i
}_'_ e at’ zero' frequency ‘for the:
¢

ohloride solutions’ 1o ‘1M “concentrations (15,
' The ratio of Intensitles for thelr work and the present nudy‘ are given In

Table 4. The difference In mignitude. between the two sets of data ale
probably due la‘o’bna-mullon.dlm noes. The two studles show the




s - -
—
>
) Table 4 ;
ot Ratio of mmm‘.g Intenaities for aqueous .
e ' chioride solutions .\ k
~ Ao atzssom | rot, [15] .
, . .
Ho 1,00 RRRE N
. ] Lo e ’ 118
. Moy, 4.02 1.3
cacl, L 33> 1.61 ;
Ik
i
. ~Scatter for CaCl, » .wcl > Ut >.H 1,0 and suggest a stronger abliity for -
solutions to scatter Ilﬂnﬁl vll'h Increasing size of Ihe clllon present. In fact
these workers reported that the Intensity from Fydrated chloride Is very
weak and that most of the intensity of the Rayleigh scatter Is a result of
’ hydrated catlons and water. * B .
,Thavm&dynnmlc calculations lSIEI Indicate that ‘the presence of hydrated
v . cationic species Is more probable. than anionlc _hydrates for the same i
. charge/mass ratlo. Vibrational modes due g ™ @yoen Vibratons or
discrete M(H ‘ specles are ‘wall documented 21. For Mg(vﬂzo)ﬁ’. the |
& Alq symmetric stretoh Is lnlnnm to a ‘polarized band at 362 cm" [38). i
The presence of this band and Its polarized character are shown In Fig. !
. 12 and Table 5. The difference spectrum shows the panlully polarized- !
4 -1 -1

character of the 204 om. peak And |h. symmetrig l\nloh at 859 om .

. s
Above this band. the difference -mlrum is fiat Indioating the pure dipa-

|

larized nature of this nulon. Fvom examinatich of the d'pnldrlud ppec—

trum for tha MgCl, solution; It Is lppﬂnm that there exists some undrly-

-




: v §
Fig. 12. AW spectra for saturated MgCl, (aq). The lsolropic® com™

ponent (c) Is created from Iy (a) - 4787, (b). Polarizad poaks at
222 .In“ and 350 cm™ represent the O---H-O stretching and M-+ -0
stretel ‘Inu modes respectively In the solution. The flat portion of . the

1

diffe indicates the pure depolarized

08 spectrum from 500 = 1000 om

nature of this ragion. I
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{ Tadle 5 3 /

g 1or saturated adbeous alkall and |
(L2

alkaline earth chioride solutions “ ~

g em

A0 atr \‘
\
p A
MgCly (83) 359 (165) \
: ¢ \
Lict 220 (74) 364 (98)
? cacy, 186, (161 + \
. & . | =
* Brackets contain relative Intenaities. 4

Ing Intansity In the 350 = 450 cm™' reglon. \Additional bands may arise

from the E and F Raman active Innr?&l modes of the oo nhadul com-

plex. These modn are the v, and v, respectively and hau-ny occur X

‘lawer In fréquency than the symmetric stratch, In the case oﬁ\ AI(HEO) i

i ¥ ) Noh
v, sprears at 542 om’'. v, at 473 om 1 and "‘5 ai 347 em™ | 1971, The
ppRoars & / ? % ;

bands present In the depolarized spectrum of Mn(:l2 ocour al‘ the same

frequency as the symmetric stretoh and high The. band m\ 361 em”

may be the residual af the lymmelrll: stretch ar'v with a lraql“lency quite

close to v1 as vi’;ﬂy seen, 'rn- presance of depolari Ti intensity

t420 ‘win~Y. doas ot M the ‘Aern for oomhedral species/anit Hiay just

be die 16 inf hancement of one of the' water libs7all

. -
ponents, . # »

The Li*"ion Is reported to be hydrated In aqueous solutions with a

t off water tes for dilute’ solutons [with an m
at 44b-om™

lon gbgrwllu or lnlvlm np-ulcd Ion pllu in




, drate " speciés has been assigned a Ca'

F b
< —a3- . .

'c'rr?\' 0121 In the present study”a single polarized- band was observad at |

384 om™' for saturated LICI through ‘the use of a differance spactrum

Y

(Fig. 13). The existence of a depolarized band at 400 ;m 'al claimed

by Mlcnnn)n and Moskovits (381 was not observed.  The anlhuru report

resulted from a difference spectrum between a pure water’ spwhum and

-the aqueous -solution’ spectrum and It was lllumnd mm the new huqdu

arisiap wers due ﬁmy 1o the Interactions ‘of' me fons with water. m-. of

euum, neglects the fact that the water ap-nﬂum itself muy b dmer?m in

the salt ualuilon(‘lhln it Is In the pure state. 'Whether or nol lﬁa M@ at
A

384 om ' Is due to the A, mode of the Mrnhodrnl hyﬂma of yho, lithlum

lon or.an lon" aggregate symmetric stretch_of the typa:
e

Lo A . Ll ’ '"-. . v.u»

‘:’\ e TR

o cr

o, E
cannot be conciuded without further Isotope studies using the, Ru.(w)-"tormat
for analysis. The shift of a polarized band at 369 om™ tor Ot io 835

. Lo
em™! tor 7U" In saturated chioride solutions reported by Nash 112} w

igned to solvent separated lon aiggregat The polarked bands wel

extracted ‘from curve resolving of 1(w)Nspeotra. *This Technique can be

unreliable In lm low frequency region where bnnkpromm Antensity from

Hlylllqh scattering_is high. = The orlaln-l unrnalv.d lpnoln ropamd by

Nulh a llmlllr In those pre onlod ln this lludy

sults for CaCly. A hexahy-

The ACw) spectra in_Fig. 14 show the
2’E--OH stretch at abol

om™ % (391 but It Is generally 'll-v«i to be 100 v’-qk to be seen,

/' ..
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5 a i = -
Fig. 14. RA(w) spectra for saturated Glclz (ag). I\N (a). ‘VN (b) and

ligo (€1 ~The O-::H-O strelching band- appears at 195 cm '

but m»
evidence of a discrete band arising from the stretohing of the hydrated '
Ca®" lon Is observed. ’

.
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wnately. no support fs found from the A (w) spectrum for either viewpolrk.

Aside from the slightly polarized 195 cm™' band. the difference “spectrum

shows only a broad siowly decreasing polarized signal continuing out 1o

about 700 em™.
Addition of anions =
N 0
Anisotropic anlons.added to water can themselves give rise to low fre~

quency Raman bands as well

affect the bands due to the waler Itself.

has’ been shown 10’ have a hindergl rotational band at 93 om™! and

Nog

CN™ a band -at 188 cm™' 7). The depolarized spectra of saturated (8.10

m)aqueous K,COy and' 1 M aqueous K,C0y scaled as a function of con-

contration using the COZ~ band at 1063 cm™' as. an Internal reference are

1

o ~
shown ‘in Fig. 15. Below 350 cm ' two bands are observed and their

frequencies are listed In Table 6.

- ’
Tatke & A .
. Ly Gata for K 0O N
-“ v
# '
C-2
Vo hin. rot. ]
4 koo ) =@ 198 (258) 1063 (1000)
K00y (1 M) 7 (6.4 108 (61) 1083 (128)
B 7] [
@ Brackets contain relative intensties.
i .
The shift In of the O+++H=0 siretch for water at 188 cm™' to 108 om™'

and the growth- In-intensity of this band with [t{acoa]uu both results of
increased hydrogen bonding In solution from a larger.presence of co:'.

With the spectra redrawn and Intensities normalized to the O---H-O

4 ;mm- band (Fig. 16). there Is clear evidence for growth of the




Flg. 15. A spectrasot 1'mol L™ and saturated aqueous K,C0y solu~
tlons flom 0 ~ 1000 om™'. The saturated solution (8.10 m) (&) and the
1_mol L-l solution (b) were Intensity;scaled as a function of concentration
1

at_the cog' v, 1088 em The Increased Intensity below 300 cm~

for turated solution shows additional struoturing of water lo be

L §

on the L Vi
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Fig. 16. A(w " spectra of 1 mol L' ‘and sawrated aqueous K,CO4 solu-
tlons normalized to the O-: -H-O-streiching mode of water. The spectra

for saturatéd K,COg (aq) (a) marks a growth In Intensity at 52 cm ' over -

1

that of the 1 mol L~ solution (b) from the larger presence of hindered

rotating COF fons. : =, i
K, { 2

o
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reorlantational CO3~ band on the low frequency wing. In the 1M K,COg

solution the weak cog' band gives Intensity at about 70 cm™' compared to

the O-+“H-0 bending mode of water at,86 cm . The band Increased In
Intensity and gave a clear feature at 92 cm~' In’the saturated solution.
This reported result for the librations of cog" is In close agreement with

- -
that reported for NOg. The Intensity of the reorientational peak due to

€03 ‘at 92 om Is not as Intense relative fo the O-:-H-O pask at 196

V. This could be due

cm™" as was observed for the NO peak at 92 om”
16 the small polarizabiity of cog' compared to NOJ or It could be due to
an Increase*in the O---H-O stretch Intenslty as & result of stronger
hydrogen bonding with carbonate. :

Thd presence of halides In‘solution doas not give rise to any notice-
able hindered anionic reorientational Intenaity as the anions are spherically
symmetric and collision Induced anisotropy is expected to be small. How-
éver. spherically: symmatric_anions can still affect the shape of the low
trequency reglon of water as Is shown In Figs. 17 and 18 and in Table 7.

ce Table 7

Spectral data for aqueous halides

Vam oo o atr | Yo. 10 atr “
' L] .
Nec! 1.7 - 1w 1
Kol i) - " m
.
K - . 283 o~ e

v

-
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P
Fig. 17. R(w) spectra for saturated

The Isotropic component ‘(c) shows onl

the O--+H-O stretch.

.

slightly polarized character of

.

s NaCl. lvv ‘l): 'VN ).
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.to 176 cm™

~enough evidence 1o suggest that this band . a

Fig. 18. AW spectra 41. aturated ‘aqueous KCI. .k, (@), hyy (b).

As In the “case of the previous figure only .the: O-::H-O stretch Is
i B o v -

observed In the Isotropic spectrum (c). The shift of tha O- - -H-O stretch

" In the 1, spectrum from',183 om™!

hydrated cations although there may’ be’some_secondary gation eftacts.

for NaCi (Fig. 17) ‘Is not .

a from stratching Bt
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L2)  (such Intensity ditferences are also notéd in the -1.R. [18)). o other

differences are observed.when compared to NaCl. The shift In frequency

. : . of this band Is not enough evidence for ‘cation-water Interaction. Such

3 intaractions have been reported for these lons but at the same time Ray-

: leigh scatter from ohloride-Sater interaion was taken 1 be approximately

< zep 015 Thisy Is contrary to Raman studies which suggest mostly *
anion-water_contribution 1o the low frequency region. Tha present work

supgests that the differences between the spectra for NaCl and KCI and
N

" the spectrum of water on page 16 aré' primarlly due to anion-wi
Interactions.  Catlon-water effects for Na' and K' may be present but they
are very weak compared to thase of Li*, Iugﬁ and Ca?* and are negligi-

ble compared to CI - - <Ho0 Interactions.

The spectrum of saturated aquecis KF Is given In Fig. 19.  Com-
parison of KCI and KF spectra shows changes In the contour of the H,0
Ubrational reglon and a shift of the O-«+H-O stretching band 15 278 om™*

tor KF. Catoful examipation of the KF spectra reveals that the polarized

bt and depolarized maxima in the 200 - 300 cm—‘ region do not coincide
* The sub-

1

suggesting the presence of & new polarized band for KF (agi

‘o y traction spectrum shows tha presence of this new band at 263 cm . The
presence of this peak is further supported by tm"l'am that the sublactlon

: spoctrum for KCl,o, showed only the parfly polarized O---H-O paak at

{ © 178 om™'. The 263 cm” band of KF,, s not due to a collision

(aq)
' Induced restridted rotation of the F~ lon as such a band would also be

s spherically symmetrio and

t in the depolarized spectrum. Fluorid

Is not expected to experience any torque from the surrounding  media.

The polarized band Is assigned \3 a hydrogen bond stretching mode
: e

The. 192 cm™' band In the depolarized KF spec-

, .
<t . ‘ \ o e
‘

Between F:and Hy



" . " ~‘. L * ey %
. -
. < -
P L ;
po :
p » .
s ‘ v : .
f
. : T ”
. 2 - o
; N -
¥ 4 ) ! B ‘

go (O ' The dl'ﬂ.r-noo in peak maxima of the :-.;N—D wiur streich In

the’ I ‘and |VH".p¢ ra Indicates the prescence of a new.polarized band

for KF (aq). The lsatropic gwbononl confirms the existence of. this peak

at 263 om™', The peak Is assigned to O-H--+F_. stretching.

Y g . .
Fig. -19. R (w) spectra of saturated aqueous’ KF. Iy €@ lyya(d) and -
. &
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tum s the |n|lotrom~{:ompan.nl\u1 the partialy polarized O:::H-O
strotohivg moda. £~ Is more sirongly attracted to H than s the 0 of a
waler molecule and hence the tighter hydronln bond with  the fluoride lon
gves rise to a nigher stretch frequatcy. In terms of transiation, this

higher energy hydrogen bond means a more resiricted movement of HEQ'

Hydroxide lan like the fluarlde lon does not Itsell give fige to aniso~
tropy In the low fraquency ragion.  Although nat sphericaily dymmetrio, the
size and jolarizatllity and polarizability anisolropy of hydrogen Is very small
and addionally It s unilely wal the snlon would esperience any mossur-
ablo tarque from’ e surounding molecules. The relovant data taken from

the spectra of tha aqueous ‘alkall metal hydroddes s given in Table 8 and

the / (w) spectra for these solutions appear in Fl;‘. 20 - 26,

- : L Table® - -

P Iy Gats for; aquecus hydroxdss

- O-H ++0 OH Mr
LIOH(3.86M) . 18 18 ‘
FeoH c1om) - : 28
KoH (11.8) 23 .
RbOH (5..08) - s
CatH hd are
\ &
NeOH (5M) 184 7
NaOH 7 NacO, 184 -
(M In each)
NaoD . RI m \
"
. T
5 ’ .
. * .
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For the hydroxides of Na. K. Ab.and Cs the spectra show polarized bands

In the reglon of 250 = 300 cm \. * Because the band In each case is

. polarized. It cannot be due to a libration of OH . These peaks are

lulgnod to hydrog-n bohd stretches of m. H-O-H-++ OH complex and
Scour at 298 om™". for NeOH. 203 cm™" for KOH and 288 cm™! for ABOH
(Fi 26.20.30). Tho small differances In frequoncies can be .nn—
aumi{onemnnon affects and secondary effects' of the cation on the

water ‘structure. lon pairs of the type MTOH™ would .now a greater catlon

dependence: than Is observed and a lelrahedral species of the type'

M(OH 2™ would be expected to have a force constant (and hence fre- -

quency) which was also very cation The relative of

the band -would also be expected to be very cation dependent whereas the

‘observed Intensities are proportional only to the OH concentration. The

\H-O-H---OH band for CsOH Is present in Fig.) 31, but the frequency

reported (21). em™") Is low due to small (OH 1. The amount of hydroxide
present Is not known for certain as a high degree of carbdnate impurity
was fouid (page 10). The low OH™ concentration compounded .with a
baseline subtraction at 400 cm™' (not at'a true zero) prevents an accu~
rate fraquency assignment.

" In addition to OH™++H, 120 Interactions there s Hy0- « *‘ﬂr-luhinﬂ

present

)ﬂ(.ﬂ by the peaks at 172. 168, and 108 oM for NaOH,
KOH_and RbOH respactively. The slight shift In this band may be de to
secoridaly cation efféats or to & wesksning of the HyO: - -H,O Interaction
duo to the strangth, of e OH™+ - +H,0 Interaction. "There may aiso be a

amall Intenaity contribution from the 92 om~' band of co:' Impurity (see

. ‘
page 10). This s similar to the case of aqueous KF where two types of
hydrogen bonding wera* obsérved. The OH -

.



- Fig. 27. AW specra for 10 mol L™ NaOH (aq), Data from the |,

spectrum () show the prasoence of a polarized band st 208 .om™' com-
pletely .mm from the I, transtormed data (b). !

The polarized band is
igned to the H"O-N"'OH symmetric llf.lﬂhll\ﬂ mode.

The O¢-+H-0

llnlohlno, mode of water shifts to a lwgr frequency of |7! eln—' in the
P

dopolarized spectrum which may be & result of weakened - water-water 2

. Interactions or from secondary cation effects. W e e
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Flg. 28. A(w specira for l.l.'s mol L-‘ KOH (aq). The band at 203 3

om™! In‘the transformed -, spectrum Ca) ‘does not.appear in the data

obtained from the I, specirum (b). This polarized band is assigned. to
symmetric stretching of the H-O-H---OH  unit. The O---H-O stratohing
mode of water shifts 1o 189 om™ " in the depolarized spectrum. -
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Fig. 20. A(w _spectra for 5.9 mol L ° RbOH (aq). . A polarized band at
288 om™' In the Iyy data (8) arises from the symmetric strolohing of H- . -

O-H-4+-OH . Thg dip_olmud data appears In (b) showing only the

O+ +H-O stratch of water shifted to 168 cm .
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. show peaks_at.respectively 208 cm .
- trequency shifts ar&~que to concentration lnd secondary cation effects.

4

2 b
- Fig. 30. AW spectra from L, T for 10 mol L' NaBH. 11.'s-mol

L"? KOH and 5.9 mol L) RbOH, NaOH (a).. KOH (b) and RBOH (o)

1. 203 om™' angg286 om™'. sman
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position o the. hydroxlﬂ-—nhr mmmou-oum stretch at 277 om s qu&; .
. RO AN

Fip, 31, mi.n specira for 8.6 mol L' GaoH s iy » .nu lv“

e
(b)‘. Yho Y I&' M-O—H~~~0H llmehlnw cannot| b. qlvln with any cel o
tainty as the

mple émnn lo have a high mrbonll- eonc.mullom *_rm

fact along with 'a pramature buollnc subtradtion -moo om 1 distarts, th

spectra and -mm the band positions of «n- active modes. ‘Tn- obasrved

tlonable for 8. G, ol L =1 csoH (ag).
EARES 1 80H (aq).
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Jvlg"{ energy than ‘those of F~ with H 50 This implios ahat the H 0
franslation Is"eyen_more rastrioted for hydroxide solutiofg” than In flvoride

solutions. -In light of this, one might consider the following. F . oln H-

» ‘bond to four hydrogens

Interference from other possible

whereas OH™ can' only act upon -thre

hydrogen bonds MII be less for OH- Additionally, m- overall nonnln

"ohitgd on the F 18" lower. than on thg O of OH™ because the O-H ‘ond of *

OH™ has IGUMOMI bond _polarity. ~ The charge on F ,,II]I h‘ =1 but the

charge on O in OH™ will be about =1.3. The net t Is that the oxygen

will atiract the hydrogens more wongny\nna" hence & higher frequency for .

hydrogen bond stretching will result. _

-

i the on'~~-n O_Intermolecular separation Is ~shorter “than for F~

-Nzo. "a more ‘negative. partial molar volume would b. W.CM for

The partial ‘molar volumes for OH and F~ in water

respactively -5, 23
and -1.9 cm mol ! (40). The negative molar volumes. suggest strong
hydrogen bonding for OH™ and F_ while the more n-gnm value for OH™

Implies a very strong hydrogen bond.. : s

Tnl

for aqueous LIOH dm not fit with the daia for'the other

alkall metal hydro_!llﬂu. The spectra In Figs. 82,33 and 34 show polar-

1 =1 -1

1zed bands at 247 cm | and 316 om™: The weak 316 cm™' band has

been assigned the H-O-H: -

OH™ stretching mode. Most of the Intensity,

A4 v il

N
‘hydroxide solutions as’ the water would be less attracted to the mmld




Fig. 32. A(w spectra for 2.5 mol L~

.

N\

P

1

UOH (aq). Wy @ -n;_I‘M
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" C‘ﬂ. 33, Atw spectra for 3.95 mol L' LIOH (aq). Ly (&) and Ly,
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Fig. 34. Comparison of.the A(w) isotropic .components for (a). 2.5 mol
L7 and ( 3.95 mol L™ LIOH (ag). Growh of a waak polarized band

- .\,__;.

P . G W * = ¥
3T 516¥om | 1s due fo an Increasing prescence’ of' H-O-H- - -OH™ units.
~~The polarized band at 247 ‘om”'

hydroxide solutions and possibly arises l]om u*oH™ lon pairs. .+

//: & o . 0
T »
o ’ Sy

is absent from the other alkall metal’
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represents ‘the symmltrlc stretch of lho L*oH™ ion palr, ~ Moskovits und
. L IR ichaellan [41] clllm the presence 01 hydratdd . lon pairs In all the llklll

=¥

mgtal hydfo:ld- ln!uﬂonu but did not ropon the band at 247 cm for

LOH.”  Sharma. (42, 431 has also I" orted lan,pnmng'!er NQDH and KOH

giving 'rise ‘to polallz.d‘handn at 292 em™" and 282 cm_ ' res, ucilvol but.
P Y

feporta., no’ evidance of

n_ pairing| for LIOH. In the .prasent work only -

-LIOH shows fons pnwg. This Is ‘Consistent with the much lower solubllity

|
of LIoH In wgler comnlrld ‘o the other alkall -metal- salts.

The OH - -~Hzo nyamﬁn bonrd slrﬂen should nnlbu normal Isotoy

! n.r@ of NaGH ‘shits to 271 ci™'/for. NaOD in

" effects. The 298 em,

D 0. (Flg 35) The bpnds QV the Ilhra!lonnl region all shift to lower . i

frequencies as-with D,0. Thé Incr ase In’ Intensily. from 800 cm™ " outward

is frém fuorescence of Impurities \and 1s apparent in Fig. 36, : .

\|
'Hi

increasing; [OH ). The ‘spectra fo \SM lnd 10M NaOH 10”4000 " cm

The Intensity of the OH -

O hydrogen_bond stretch Increases wlm
e
presented In_Figs. 37 - 40. *fm :ymmogrlc nmcn of the OH™ ion at

; 13806 cm”! increases In Intensity tom he SM 1o the 10M solution. -
A L e \ ,
IncreasedIntensity ‘I also noted In the, low frequency reglon indicating -a i

~ % \
. larger pi ince of OH ~--H20 Interactions.  With the addition of NACIO‘

to the NaOH solution (Figs. 41 and 4\'2‘). bands due.to the tetrahedral

CIO, lop appear while the low frequency OH -« HoO reglon seems 1o lose
Intensity ang definition. In the p-H nlr-luhing reglon the’ Intensity of the.

=1

3438 ¢m™' hand drops and the 3233 cm”' band Is more evident. ' This

§ corredponds ty a decrease In the @umber of hydrogen: bonded water.:' t

molecules and increase in

. fiumber of “free" stretohing -water
refers 1o’ the w

s of hydration for clo, as
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Fig. 35. AW spectra for 10 mol L' NaQD In D,0. Iy (&) and |
otrgme - ¢

\ Co —
(b). The hydroxide-water Intermolecular stretch shifts' to 271 cm

that of '288 cm™! for 10 mol L™ NaOH (page 78). Impurities give rise m\‘

as I8 ‘evident ‘In Fig. 86.
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Fig. 36. A(w) specira for 10 mol L' NaOD In D,O showing Increasing - - -
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" tor 5 mol L' NaOH Caq).
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Fig. ‘s8. lw-powum t0 4000 cm™ ! for 10 mol L'
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Fig. 39. R(w) ‘spectrum to 4000

Caq). .

em™

-1
of |,y data for 5 mol L~ NaOH
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Fig. 40. R(w) specyyim to 4000 em™! of lyy data for 10 mol L' NaoH

(ag). In comparison with Fig. 39-the growth of the OH™ Intramolecular

symmetric streich is evident ‘with The

80 a8 the 1063 om™' v.lbol cog')lncr‘enn in

Impurity is ‘seen to Incre

intensity with the higher concentration of hydroxide.



1
N
‘ -
¥ N
§ ! § 8 § H § § 8§ 8 °
(e31un qu> (m>Y a

1009



\ B
.
b /
Flg. 41.. Ly spectrum of NaCiO,/NaOH (5 mol L™ In cach) to 4000
em™'. In addition to the nppl rence of new bands hom\ the Internal

“modes of the porchiorate lon thares are changes in the spectrum’ of the

QH solution Itself In the area of Intramolecular O-H Mulchlnq.
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Fig. 42) R(w spectrum of NaCl0,/NaOH (5 mol L™ in each 1o 4000

“em™" thken from 1, data. Tne inrmal modes of.the perchiorate lon are
visible between 300 cm™ - and 1200 cm™'. The bands In the Intramolecu- :

“lar strotohing reglon change In_relative - Intensity as the perchiorate ion

breaks down the Intermolecular structures The Intensity of the 3438 cm'

tive to the 3233 om™!

iund drops band lllustrating the loss of O-H
stretching In water molecules hydrogen bonded to other water molecules or
OH™ and an Inorease In the numbar of l{nuuaolat«ﬁ water molecules with
O-H stretching. . The loss: of structure and Im-n;u‘/ in the low frequency
reglon also displays a loss of structure in the 'oluxlon..
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the 3606 cm

+++H,0 hydrogen bond stretch at 298 cm~
« T i

-m-=

perchiorate-water Interactions are weak. The spectra of the low frequency

region for 10M Nal 5M NaOH and 5M NaOH/SM Nacl(}4 normalized to

b band. are shown n Fig. 43. The polarized OH-
7 decresses In Intensity with
decreasing hydroxide concentration and Is absent in the presence of per-

chiorate. The lower frequancy O- - -H-O stretch for water-water igteractions

drops In Intensity \showing a loss of structure 'in the solution when CIO‘ is r

added. .Tho absence o the 298 cm™'.band In the hydroxide-perchiorate -

mixed solution spectrum conflrms that this band Is not cation dependent

and cannot be due to lon pairs bécause the addition. of
the cation conéentration. Studies of a molten mixture of*NaOH and: KOH
at 170°C also falled to show .ny evidence of a polarized peak In the 250

1

10 300 em”' reglon a fagt which further rules out lon pairs as the cause

of the: band In -aqueous hydroxides [44]. M- =

oouéumou . =

. s~ ® 1 Do o B
in the preshnt stufy use of the A(w) function has’ enabled relative

peak les and 1o be with greater
precision than has  previously .been possible for spectra’ presented In the
() format. This has greatly assisted the assignments and l'ni'.rpugaqom'
of spectral features. . Studies of the hydrogen bond “stretching’ ivpde of <
water showed shifts ‘for substitutions of both Hzi!O .nd. PEO lfldlolllllﬂ'.ln
asymmetric OHO sequence. Nyquon-bnﬁd lmlahln‘g was alsq abur‘v.d
In aqueous bmllll fluoride and hydroxide solutions arising 'lmm an“‘aﬁl‘on-—
“anlon-water Intorai If:‘vu

water hydrogen bond stretching mode.  The:

proved 1o Be' much sronger than ‘water-water Interactions. A disorste
metal-oxygen symmetric stretching band, was observed in saturated ‘solutions
of LiCI ‘and MgCI. .. With the possible’ exception of aqueous LIOH:. no lon
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Flg. 43. R(w spectra of 5 mol L' NaOH. 10 mol L™' NaOH' and

1

. o ' 3
NICIO‘INHON (5 mol L in each) taken frgm ‘W' data: and normalized .to

the OH” " Intramolecular strelch at 3606 cm™ ., The 10 mol L' NaOH

" spectrum’ (8) and the 5 mol L' NaOH spactrum (b) show an Intenslty

dependence ofjthe 298.om. "

band on [NaOH). When Nnclo‘.lu present
(c) this n‘.m‘l'aluppnn and .the Intensity. of the O« -H-0 stretch Is * “

lowered showing a drop- in both water-hydroxide ‘and water-water Intel
1

tion}. . The assignmeriigof the 208 cm™' band to an Na'OH™ lon pair-
would require an Increase in the Intenisity of this., ﬁn‘d when Nucm‘ is
[ B

added due o the

sodium’ lon
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pulvlnq was observed Ior any of m- ulkull metal sull solutiont »;A band
orlginating o roomnmmnul "motions of the co anion was superim-

posed on the water qpnlrum in concentrated aqueous carbonate solutions.

The R (w) functioh 'has’ proven to be of considerable assistance In the .

dentifcation'of weak low fraguency bands arising. from scattering In liquids

“and glasse¥ The result ‘ot «ransvomme the #{w) spocirum Into the A (w)

spectrum was a data sel lbn! almosl yno ‘of Intenslty. from the exciting

line an advantage’ whlnhpp.rml!a quantitative’ reiative Intenalty studies for

etfect . of lampqrumre on sulnormg Inunalty the R(w) data gives a spec—

. a ll)ll of S/N- In lhn w=0 blnd and nol 2 deterloration of the. SIN M the

spectrum). tho offect &an.b minimized with good signal. sveraging tech-

* Tiques. Howlvlr. d:unluuan nl the nolu m.y stin be’ a pmbllm It the

woordlng dovlc- has. a "small dynlnﬂu unn

.the "low lwqunnuy reglon..  Since :‘hu mm funcilon Is Gorrected: for e '
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