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of water and aqueous solutions. The techniques offer a potent ially very
useful approach to the study of the structure of water and aqueous solu-
tions and solvent-solute interact ions .
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Final Report of Project NR 056-515

Period

This report covers the activities of the project for the period from
May 1, 1971 through December 31, 1973.

Professional Personnel

M. J. D. Low, Ph.D., Principal Investigator -

R. 1. Yang, Ph.D., Assistant Research Scientist
H. Mark, Ph.D., Assistant Research Scientist
A. Ravi, Ph.D., Assistant Research Scientist
P. L. Lee, Ph.D., Assistant Research Scientist

(all part-time)

Topic

This project is concerned with the general topic of the study of ad-
sorption at the liquid-solid interface by spectroscopic techniques.

Reports

Two Annual Reports dated July 1, 1972 and October 1, 1973 were distributed.
Five Technical Reports dated September 1, 1972, October 1, 1972, November 1,
1972, January 30, 1973, and October 1, 1974, were distributed.

Publications

Six publications resulted from the work of the project:

(1) The Fundamental Infrared Spectrum of the Ammonium Ion in Aqueous Solution. 
-

M. J. b. Low and R. T. Yang, Spectroscopy Letters 3(8), 245 (1972).

(2) Infrared Study of Adsorption in situ at the Liquid/Solid Interface. IV.
The Utility of internal Reflection Techniques. R. T. Yang and N. J. D.
Low, G. L. Hailer and J. Fenn, Journal of Coiloid and Interface Science
44, 249 (1973).

(3) Infrared Study of Adsorption in situ at the Liquid/Solid Interface. V.
Adsorption of Octadecanol, Octadecylamine, and Octadecanedioic Acid on
Silica, and a Criterion of Considering Competitive Adsorption. H. J. D.
Low and P. L. Lee, Journal of Colloid and Interface Science 45, 148 (1973).

(4) Infrared Spectra of Water in Aqueous Solutions Using Internal Reflection
Spectroscopy. N. J. D. Low and IL T. Yang, Spectroscopy Letters 6(5),
299 (1973).

(5) Quantitative Analysis of Aqueous Nitrite/Nitrate Solution by Infrared
Internal Reflectance Spectrometry. R. T. Yang and H. J. D. Low
Analytical Chemistry 45, 2014, 1973. 
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(6) Infrared Internal Reflection Spectra of Methanol-Water Mixtures. R. T.
Yang and N. 3. D. Low, Spectrochimica Acta 30A, 1787 (1974)

Summary

Techn ical detail s of the work performed during tho course of this pro-
ject are given in the five technical reports issued individually and in the
six publications appended to this report.

The general work topic of this project was~ ~‘adsorption from solution,”i.e., a study of adsorbate-adsorbent interaction at the solid-liquid inter-
face, using spectroscopic methods. Four related topics are involved.

1. Infrared Transmission Spectroscopy

Earlier work employing infrared transmission spectroscopy of molecular
species adsorbed at the liquid-solid interface was extended, and is described
in the appended reprint 3. In addition to obtaining detailed information
about the interaction of some long-chain molecules with surface silanols, it
was possible to suggest a criterion for considering competitive adsorption
from solution.

2. Infrared Internal Reflection Spectroscopy

The utility of internal reflection techniques was explored. A portion
of the study, involving the adsorption of molecules directly onto internal
reflection elements, was quite successful and is described in detail in the
appended reprint 2. Another part was not successful.

Attempts were made to use internal reflection techniques to study ad-
sorption onto powders. What is involved is this: a powdered adsorbent is
placed onto the surface of the internal reflection prism. The composite is
then exposed to solution, and adsorption occurs onto the surface of the
powdered adsorbent. The intent of the measurement is to record the spectrum
of the layer of the adsorbed material on the surface of the powder. Attempts
were made to obtain spectra of carboxylic acids adsorbed onto ZnO, Si02, Al203,
and Ti02, but the measurements were not successful. Greater instrumental
sensitivity was needed.

3. Laser Raman Spectroscopy

Attempts were made to use laser Raman spectroscopy to study adsorption
from aqueous solution. The general aspects of the measurements are as follows.
An adsorbent is submerged in water in which a small amount of material such
as stearic acid is dissolved. The stearic acid, i.e., the adsorbate becomes
bound to the surface of the adsorbent, and a spectrum is recorded. The spectrum
would show the absorptions of the solid adsorbent itself and also of the
surface layer. The measurement is carried out while the adsorbent is still 
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submerged in the solution, so that the measurements are carried out “in situ,”
so that there is no chance of disturbing the surface layer by removing the
adsorbent from the solution. The presence of the solute in solution would not
be detected because the solutions are very weak. Experiments of the type
outlined were carried out both with aqueous and nonaqueous solutions, in
attempts to learn how to carry the measurements out. ItIeasurements were made
with the adsorbent submerged , and also with adsorbent wh ich had b een submerged
and then removed from solution. The only positive results which were obtained
were with a sample of ZnO which had been immersed in a solution of stearic
acid in Cd 4 so that stearic acid became adsorbed on the surface of the sample,
and which was then removed from the solution. Rainan spectra of the sample,
carried out with the sample in air, showed the bands of adsorbed stearic acid.
When the sample was placed in the solution again, and a Raman spectrum of the
submerged sample was recorded, the spectrum was very poor. Similar experiments
with aqueous solutions led to this conclusion: while it was possible to detect
evidence of adsorbed material when the sample was examined in air, it was not
possible to detect chemisorbed surface species when the sample was submerged
because the intensity of the scattered rays was too weak. Rough tests showed
that when a powdered adsorbent was submerged in water, the scattering decreased
by an order of magnitude, so that the resulting spectrum was so weak that
the bands of adsorbed species couid not be detected. The problem was thus an
insolvable one with the equipment at hand. It will probably be possible to
use Raman spectroscopy, however, if the techniques are made more sensitive.

4. Infrared Spectra of Water and Aqueous Solutions.

Work in this area was needed to define to what extent the use of water
would interfere with infrared measurements. It was found that, using the
techniques described in the reprints 1,2,4,5, and 6, infrared spectra of
pure water, of water solvent, and of solutes, could be recorded extremely
well. In particular, the use of infrared Fourier transform spectroscopic
techniques in conjunction with internal reflection devices makes it possible
to obtain infrared spectroscopic data on water and aqueous solutions much
better than those obtainable with dispersion spectrometers.

Conclusions -

1) Infrared Transmission spectroscopy is an extremely useful tool for ob-
taining detailed mechanistic information about adsorbate-adsorbent inter-
actions at the solid-liquid interface.

2) Internal reflection techniques can also be used to study “adsorption
from solution,” but studies involving adsorption directly onto internal re-
flection optics are of limited utility .

3) Further work is needed to permit the use of internal reflection techniques
for studies of adsorption onto powders , and to permit the use of laser Raman
spectroscopy for the st udy of adsorption from solution .

4) Fourier transform spectroscopy can yield extremely good infrared spectra
of water and aqueos solutions. The techniques offer a potentially very useful
approach to the study of the structure of water and aqueous solutions and
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solvent-solute interactions.

N. J. D. Low
Principal Investigator 
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SPECTROSCOPY LETTERS , 5(8), 2115—2149 (1972)

THE FUN DAMENTA L INFRARE D SPECTRUM OF THE 1i~MMONIUM ION IN
AQUEOUS SOLUTIONS

M. J .  D. Low and Ral ph T. Yang

Department of Chemistry
New York University
New York, New York

I

+
The infrared absorptions of NH4 of aqueous solutions of

NH4 salt solutions were recently considered in some detail

and , based on changes in the contour of the water band, the

effect of anions of the water absorption were discussed.
1 We

find , however, that differences of the contours of absorptions

of pure water and of aqueous solutions can easily produce an

artifact.

We have measured infrared spectra of water and of aqueous

solutions using a modified~ Digilab Inc. Model FTS-l4 Fourier

transform spectrometer and, to avoid the difficulties brought

about by the use of very thin transmission cells, have employ-

ed ATR techniques using a Ge prism in a suitable attachment.
3

The equilvant total penetration depth was estimated to be l.9~
at 3400 cm ’, the molar extinction coefficient of water4 being

taken as 81 at 3400 cm ’. Spectral data were obtained over

the 3800—800 cm ’ region, using 400 scans at a resolution of

d ~~~ constant over the entire region for each spectrum.

Only single-beam data were measured, always using the same ATR

prism under identical conditions. However, single-beam spec-

tra were stored, retrieved , and ratioed by computation as re-

quired , using the instrument ’s digital computer. The ratioing

process is equivalent to using a dispersion spectrometer in

2115
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LOW AND YANG

the double-beam mode with cells of precisely the same path-

lengths in each beam, thus “compensating ” one liquid with

another. This equivalency is precise only when the two liq-

uids whose spectra are ratioed have identical refractive in-

dices, so that the equivalent penetration depths for the two

liquids are the same. In the present case, however, the in-

dex matching~ was good, so that the equivalent pentration

depths for all liquids were very close; that this was so was

shown by the identical absorptions obtained at 3400 cm ’ .

Examples of single—beam and ratioed spectra are shown

in Fig. 1. Expanded segments of some spectra of ZM NH4 NO3

solutions are shown in Fig. 2. Two bands near 3050 and

2880 cm ’ appeared in ratioed spectra obtained by using the

spectrum of water as “reference. ” However, a new band near

3200 cm ’ appeared in spectra employing a saturated NaCl so-

lution as reference in the manner employed earlier.1 The

3050 and 2880 cm ’ bands were superimposed on the prominent

3200 cur’ band. The mtioed trace B of Fig. 2 was thus equiv-

alent to the spectra of NH4NO3 solution “compensated” with

saturated NaCl solution reported earlier, i.e. spectra re-

corded with NH4 NO3 solution in one beam and NaC1 solution in

the reference beam! Similarly, trace C of Fig. 2 is the

spectrum of H2O “compensated” with saturated NaC1 solution ;

a 3200 cur’ band was again produced.

Fig. 3 shows scale-expanded segments of spectra of NH4 Cl

and NH4H2PO4 solutions, “compensated ” with water, saturated

NaCl, or NaC1O4 solutions. Such ratioed spectra are equiv-

alent to others presented earlier
1
, and show the two 3050

and 2880 cm ’ bands as well as a band near 3200 cm—’ . How-

ever, the spectrum of NaC1O4 solution was also ratioed a-

gainst that of saturated NaC1 solution (D, Fig. 2), and the

3200 cur’ band was again produced. In all cases, the max-

imum of the 3200 cm 1 band shifted slightly toward lower fre-

2146
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quencies when the concentration of solutions was increased ,

as observed earlier.
1

The effects of solutes on the structure of water are

well—known, and it appears that the 3200 cm ’ band was an

3800 2 5 5 0  1300

FIG. I

Spectra of aqueous solutions ;spectra A—D are single—beam
spectrum of A: 2M NH4NO,; B: saturated NaC1; C: water ; D: 1.9
M NaC1O4. Spectra E-G are ratioed spectra of: E: ZM NH4NO,
vs. saturated NaCl; F: 2M NH4NO3 vs. water ; G: 2M NH4NO3 vs.
1.9 M NaC1O4. Scale_expanded segments are shown in Fig. 2.

2147

~

.. — -— 
_ _

~
_
~__ J~. ___ 

—- -.~~~- _ m ._~~~~~~~~~ —~~~~~~~~~~~~



LOW AND YANG

35 0 3~~00 25 0 3~~00 30b0 _soo

FIG. 2 FIG. 3

Scale-expanded spectra of aqueous solutions. The traces
are scale—expanded segments of the ratioed spectra; A: ZM
NH4NO 3 vs. water ; B: ZM NH4NO3 vs. saturated NaC1; C: water
vs. saturated NaC1! D: 1.9 M NaClO4 vs. saturated NaC1; E: SM
NH4C1 vs. water ; F: SM NH4C1 vs . 1.9 M NaC1O4 ; G: SM NH4C1 vs.
saturated NaC1; H: saturated NH4H2 PO4 (-~ 

l.6M) vs. water ; I:
saturated NH4H2PO4 vs. saturated NaC1; J: saturated N1-I4Hz PO4
vs. l.9M NaC1O4.

a r t i f a c t  brought about by the differences of structure—break-

ing e f f ec t s  of Na , Cl , C1O4 and other ions leading to

changes in the contours of the water bands of the solutions.

Consequently, the earlier assignment
1 
of the 3200 cm ’ band

2118
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to the NH4 
‘

~~, 
mode, and o ther assignments , are suspec t. It

seems better to attribute the ~O O  cm ’ band to the asym-

metric stretching mode and the 2875 cm~~ band to a combina-

tion o f fundamentals. This new assignment is consistent with

the observation of the high deformation frequency of NH4~ 
~~~~~~~

Also , the water band contours can be expected to differ de-

pending on the nature and concentration of the solute , and

such effec ts seem but little explored. Interpretations of

the spectra of aqueous solutions in terms of the structure

of the solvent-and probably of all highly associated liquids-

mus t thus be approached with caution.
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Infrared Study of Adsorption in situ at the Li quid/Solid Interface
IV. The Utility of Internal Reflection Techni ques 1

RALI’lI ‘I’. \ A \ G  .\N1) \l . . I) . L( )\V 2

I iep ir t,ne,, t  ‘1 ( / ,emistr e , .Vr~ i’e’rk ( n j rer. cj / e , .V c ,  } eerk , .\e~, l ock 14,1103

G. L. HALL~~R .~~n j. l”E NN
/) e p~srtnrc,,t ‘1 I n . j , ze , r i n~ and .1 pplied Sciericc, i aIe t ni: - erx ity , .Vca II eu en , Ce ennec( icuI (l6

~
2(,

Re e c - e y e d  June 8, 1972; ac cepte d November 5, 1972

I ;  
~ 

e rinielits We re urrj ee l out to ext ,le ,r~ t he feasilj j litv of using internal retire tion spec-
tr~.u~epv t ee  uel~ aelsee rpt ioee phenomena in situ at the lie1uid ,’so lid interface. Jo  test the
iiwt heee ls , steari , aci d W as adsorbed from ( ( I ,  solution directly onto the surfaces of Ge and

I )  internal re t i re t i e e i e  prisms which acted as adsorbents. Infrared spectra of the adsorbed
lacer were measuresl w ith a Beckman fR—1 2 and also a 1)igilab l’TS— 14 t ourier transform

~t t iometer. It was possible to follow the build-ui) of the adsorteed layer as function of tine ,
an(l, w ith solutions of Various concentrations , to note changes in the total adsorption as func-
t i e,n of concentration. The maximum amount adsorbed was about 0.3 monolayer with so lu—
l i e n s  in the 10’ — 10’  .1! range. The lowest coverage observed was aleout 0.03 monolayer.
Sonic information about the orientation of the adsorbed species could be obtained through the
use of po larized rad iation . Altheeugh the method is restricted to adsorbates which c-an i.e
fashioned into internal reflection elements , t he te~ hniques are suitable for obtaining informa-
tion about kinetic s of adsorptieen and dcsorption , adsorption isotherms , adsorbate—adsorbent
perturbat ions, t he orientation and struc 5’ re of the absoreled aver , and e-hern isorp twn.

iN’l ’Rti l)t (lION sorption techni ques (4—8).  The la t t e r  arc

The topic of ‘ adsorption from solution ’’ has useful , but , when carried out in si tu under

recei vedl widespread a t tent ion  for many ‘cIrs controlled conditions (6—8), present some for-

l)ecause of its technolog ical and sc i en t i f i c iou flh i ( iabl e experimental difficulties. Obtaining in-

portance. However , desp ite a vo lt ,nu inou s frared spectra of surface species b~- means of

l i t e ra tu re , the re is l i t t l e  in lhc  way of d e f in i t e  the  techni ques of internal  re flection spectros-

information concerning the flat ttrc and St rue- col)~ , reviewed b Harrick ( 9 ) , seemed an

ture of ad sorbed species formed on the sur face .. a l t e r n a t e  and attractive approach. ~Ve have

of solids submerged in liquids , a l th ee t t gh  much consequently exp lored the feasi h i l i t  of using

has I)een inferred (in t he  basis e,f indirect  infrared in te rna l  reflection techniques for

measurements  (1 3) such es adsorpl u n  ~, st u dv ing adsorp lion in si tu at t he  li q uid solid

the r m s  or elect r ochcmic al effects .  in te r l a c e - , u sing i n t e r n a l l y  reflecting pris m s as
substrate ’s.Sonic direct informal Ion abotit surface

Iii contrast to  transmission absorption tech-
~l~~~e’s has been obtained by means e e l  i i -  , , .

- 
. . niqu e’s, where the solid is finely divided to

frared sped roscopv usiner transmission ab- provide a large surface area bearing numerous

Part [II’ Ref. (8). surfac~ speci es which can be “sampled ” by
‘To w hom inquiries should be addressed. the infrared beam , the internal reflection tech-
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fl i d ltte ’ s t l ie - i a le ’  the ’ tuse eel  se , l iels  of q u i t e  small I’e’rk i te Elneer wire ’ grid l le , ia r i/,t- r. Other in
stt r f at - e - a rt-a ; a l t  heet igh t t it t l i  i p ic ’ r e ’l l ect i ee t es  are- fr a r e ’el  sl ) e ’etr ~e we ’re- re ee ,r el&’ul wit ii a I ) e i ! i l t lb ,
thSe ’(l , ti l e- saitip ie p e r  SI ’ is si mi a l l , and r e’l ati ~- el v Inc. ,\ l ex le l  115 14 l otu r ier  t r~i , es fe e r mm ,  Sl id e
grea t  (le ’it la nds are - pla ce’(i d e l i  the inst r t t t f l e f l l  a t rornet e’r l i l ISl i  eel for stng le’ -bea nt oper~h l ion
t orn ne’e ’ele( l be record .s~ e e e t  ra. ( onseqthe’ti t lv , a es (le ’ser ii)c ’( I elsewhere ’ ( I t ) ) .  ‘l ’lee - I I S 1 4 ’~
s ee  tee l~trv e eh ce - I ive - was t. e’xp lore the ’ t i t  j u t  v re ’lat ive’lv large ’ i nfra reel  l,e’attt r e -c 1t i i  red I he
of c ; e r r v i ng  old lilt’ it)te’ rn~e l re ’lle ’clieni tlte’asti re’ - c- eulis tr ltt l iot l e e l t he’ device ’ shei w ,t  in l i ~ . 1.
t t ie’li t s wit h a l-ot ,rie’ r t r an s f o r t u i  spee-t r o i l e cte ’r , M i r r e e r  A of Fig. I was a 911° l ee rroiel c i sc - e l
is we’ll e~ CC - i l h a t lisl ee ’rsie ,n sh ee t  rome’t e’r. Wit h (le ’liherat clv in an ce p l ical lv  i t t t l  ire l ee - r  f~esh ie i i i

I he- se- I i t t i  ii ed ebje ’et ye -s  in min ( l , we have ’ by rotating .-\ I e\ 900 1 hrenugh one’ axis , I he’
c lii )se’n St e’~tr ic  ~t ciel  as ads irhat e because ee t t r  image of I he c i rcu la r  it l c i ( lc t it  beam CC-as not
pre-\’ious e x p e r i e n c e  w i t h  adsorbed acids as circular , 1)t tt was distort e ( l  i n t e e  a rectangle’
u se ful , ( ‘( ‘l i  us so lv ent  ma in l y  because of i ts  roughly ma t ch ing  the ’  rec tangular  cr ess section

~l ic-ct re see  )
~)ie . l) r~pe’rt k-s , and ( e’ as I R 1’~ be— (If the end of t he m t  e - rr i a l  re’t kx -t io n e’le ’cmicnl

cause i ts  high index of re f ra c t ion  would lead t e, ( I R E ) ,  \ l i r r e e r  It was a g eelel-e - ee ale ’el , fi rst -

prc 1 ic r  in c le-x th at ch im e g  and wee u lel  alleew 45° surface’ , concave ’ I’~ r e x  pris m , ~\ I i  rn Cr ( ‘ was
reflect it ens, I lie’ choice’ s i)e’ing nia(le ’ t I) l i l i f l h t t l i z e  a 60° 1 m err i e l  CC-hit -h re’shaj )e’(l I he’ be’ant afl(l
inst rttm ne’nt al pr eehle ’m s be’cattse’ it was inte mide ( l  ~atsse’d it on t e e  t he’ l”l’S -14’s det tel l ir. The’
t e e  e’xp le e re ’ the ’ fe ’asibilil y and dcmonst i-at c t lie ( Icy j e t -  I r~enstnj It ee l apprelximal e’l v 2I t~ of I lie’
u t i l i t y  of the ’ t echn i que’ . t ee ta l  inc ident  beam, The’ ( e- I RE” we-re-

sIi l l l) lie ’e l by I la rri e -k S c i e n t i f i c -  (‘ o r j s i r a t i ee lm
l - X l ’ I ( R I \ I l - \ l . -~l, \1I~ I ’ll~~I and we’re’ he-Id b~- a \V ilk s  Ml  R - 6 s a m m t p lc- holder.

Sc d Oe’ inf rare -cl spectra we’re re’t, relcd CC i di a A ll  the ’ ~l a-cl ra shown are’ ‘ - ne e is~ - ‘‘ The’ t e e

Beck man I R— 1 2 slice- I r o 1)he)t e tiie’l e’r 01 ee r at il ig f r e q u e n t  l~ e- mi i p lec ~ cd h raeI i c e ’  • .1 d isl d~i~ i 11 1

conven t iona l l y  in t he  double-beam mode , us in g trac e-s fr ee t ii which all noise’ h i s  ta -en re -I l l ’  I C e’d

ordinate ’ end abscissa scale expansions are b~- a si t i i i i le  m anua l  ( l e l e t  ie en it~es l et-e n avi ,j ek -m I -

requi red , in conjunct i een with a Model ~) m~ ~ ‘ 1 4  I rose o~at - —g r aiJc -  ( ‘
( ‘I,, ‘ nur e- ste erie-

I e-rt ial relic-c — f ion e cce-sse)rv and M I R—6 samp le’ ~et i ( l  f rom N UI nt it ena l  Bi t ,che ’t i eieali , ( ‘e lr ~ I, e ra—

h older S(tp l) l ie ’d by Wilk s  Se-ie’n t i l i c  (‘eerpor a - t ion , and ot her re agc- r ml 1r , eeie - m e t e  r i - s  ‘~ e’re’

- ion , l’e el ier i z~et i o n  t iieasure’ments emp lo y e d ~ 
used wil bout f iu r t  h e r  I itt rit ie -at ion - ‘F lit - I R Es ,
described where  appre ipn iat e. Crc- re- c leaned

A 
prior t o  use’ CC- il  ii h m et  (Sf) 7) )

0
) chro mic acid

C cleaning  s e , l t i i i e e n , HN ( ) , a nd e l i s t i l l e ’d  waler ,
The H\Q~ t r e a t m e n t  was (b Ile Ic) displace
residual chromium i len s .  As long es the cleaning
period and temperature  crc careful l y  con-
tro lled , the ’ -le ’at iing preece’ dur e’ re ’sults in a th in
surface eex i cle layer em the  ( ;~~

- . ‘l’he’ oxide ’ l ay e r
remains  t h i n  w i t h  r e spe ct  te )  the ’ pe ’ne ’tra l ie efl
ele ’ji t h , end ele ctr ic  lit -I c Is at the- in t e ’rf ae e’ are-

~ ‘
~~~ s t i l l  d e f i n e d  by the ’ Ge- ( ‘(‘I i indices  of rc ’fr~ee-

t ion ,  ,-~l l e xpe r imen t  s were carried out at rootil

B t e’mperat tare ’, no mina l l y  25° ,
In or(le’r te i  carry out ( lu ant i t a t iv e ’  me’asure ’-

m in t s , a calib ration is needed and can be’

I i , . I - I n t e r n a l  m o e  -e liot) ii e e e - ~se, re ue — e e l  e e j t  h the- provide’d by measu ring the  absorl acne - c- of a
F F M  14 F e e e u r i e - r  I r~e ee, ’ 1ee r ,mi St e- t r e e me, t , - r .  ste ’ari c ec iel monolayer cle ’p osi l t -m I on t i l e  I R E

.l ’ eee, r e i t  ,~e ( S h e,! ee c.! !e,hr ’ar, S e e.. - , - , ~‘ , el. I i , \ ‘ -  - - \ , : ,I - r 

- -—-~~ - -~~~~~~~ .~~~~~ 0~~~~~ .
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surface ’ ( I i )  - ‘I’he ’ el use , n l i i e n e c -  of the’ met hvle’ne’ re -l i e- e l ions el 45° I he’ nleeta ,lave ’ r e l ese erb ur ee e - i l

e svnin le t  n e  St r et  t h i n g  ba nd at 2 e) 2 5 c-lit I 1q75  e li c = 0,4 X 73 ( 1  9) X 1 1 ) 11)  ( 10 52 ,
( , I ,ea  I serve’s as a measure’ e i f  t he amount  cii If an I RE is plac e in ee int ac-I wil ha se i l e t l  ie in

SI ear le ee le I I i re ’se’tlt em t he’ I RE ,  ‘Flit ’ imi e ’t  hy l e t t e  I lie’ evanescent wave - w i l l  h ie ’t ie ’ t rate ’ I lie’ secl u -

gre )ups near  t lie’ ca m - be xvl  gre )u l i e f  an aelsorlie el t i c  In and I Iii spc’e t r t t i i i  ( if  I he- seel UI ie ,il will  be-
st ca n e  ae i(I niole’e ct Ic Cve eu ld lie ma cire ce-rI U rl,e’e I t i l t  I ~t incd in add it ion tim I lit ’ s~ icc- I ret mci of a ti~

hart methvl e ’ne ’ grou~es elsc’whe’re on the’ hve l ro -  solute which might  be adseerbe ’eI on the ’ I RE.
carbon chain , see I hat absorhane-e per m e t  by l ine t i c  we ’ver , I he’ se l tu t  ions use d we’re e I il t t t  e’ e ,ne - s ,

gre lull CCe )u l( l vary 5Oiiie ’Wll~tt d e l ~~~~~ I in g on i ts  atìe I i t  is e’st i mat  eel I hat  the - a t i i e i t t  lit cii d isse il t e d
p, esit ion al eeng the ’ chain (12) ,  but fe c r  I i t t r h) di se s St e’arie acid in it 1(1

—-i .j f sei lut ion s uit  1 ilee l liv
( if ca l ib ra t ion  the  m ethv len c ’  abseurbance was t h e  e’vanescent wave CV ls equ iva len l  t e e  a la eut
assumed 1cm be constant, The’ absorbance of 2 5~~ of a moneilaver of aclsetr l ,ed acid. ‘I ’his
til e’I h~ le’ne groups elf ad sorbed ste ’anic acid is estiniate , based ti n the ’ Pc’ne’t ral ion depths  to

rat  ieie’d against t lie’ abscirbance cii a ( 1e1)eisite ( 1 t)c expected wi th  the ge’eemet ries elf the  I R F s
ste ’aric acid m one , lay er , se, t ha t  the ’ at i i e iunt  of used (9) , is supported by in t e rna l  re’t lectie in
aelse irbeel ste anj e’ acid can be dc ’te ’rni incd. sh ed ra of d i l u t e  solut ions , to be’ descnibe’ei
.-~l Ie ’ r n e I  it ch , tile ’ met h~ Ie- ne ~ebsorbance of t ) ,4 elsewhere’ , whi ch she wc’d I hal fl i t’ sol t t t t -  could
of a comiipre’sse ’el t i iono laver of e’ale-ium stearat e ’ no longer l)e’ (Ie’teete ’d in solett ions weaker t h a n
deposited ceo it s~tpp hir e surface was etsed (4) ; about l t )~~ M. The iebseirpt ion of disseulved
the  sa~)p hi re pla te  gave lOt) re ’t iect i(ins utt 45° , adsorbate was ceinseque’nt lv ne ’gl igihlt - .
.-~ conversion frei m t lie’ 5a~)p hir c system t m i  t h e
germanium sy s t e m  is R t.St L’I S

-, ~ t) 4 ( ,I d l e TI o ’ c  xx i i  I ) a s (, S i ’Tl ( t Nn - ~ / f l e - e - m, \~ ’l
[I — ) j c~ The ~edsuor pt ion iii s tearic acid ei n te i  \‘arieius

- I c’l ’ m ’ fc  -l a I r  ‘1-eem p)e f le ; ,
= = j e ) 7  I R E s  was studtcd usIng the Beckman IR- 12 .

e ( i • f l. r  r / ~~ . i r  \~1 i I ,r e’x tmp le’ a f te r the ’ backe ’round spectrum
— 

[I 
— t\ ) j

~ 
eel a clean Ge IRE  had been ne- ee i r ( I e ( l  (A , Fig.
2) ,  it 1,4 X l O — ~ Al s em lu t  ion cii 51 ca n e acid in

[ f f l a i r \
4
~~ , ( fl a i r  ( ‘( ‘I i  Wit S placed in t he  cell and a se ries of

[
I + 

~ ~ 
sin 0 — 

~. spee’tra was recorded a f t e r  variotts  t i m es hadf l _ e  f l — c e i e i e ) e  --= I —f- -
- 

~~~~~~~——- e’lapsed~ Trace B cii I - mg. 2 shows Ihe’ resu l t s

I 7 fl a i r  , / fl e d ,  ‘
\ 

e)htaifl e(I a f te r  16 hr of adsorption , wi th

[
I ~~~~ — 

‘5~ -ccl ’  etc  / ,-i 20 125 = (1,1)142. if  ~ ass for monolay er celvcniegc’
- 

-, under the’se condit ions is t aken  as 0.052 , then

I ( f l e e t e \
4
~ - 

— 
(flee c y  the coverage indicated b~ spectrum 13 of Fi g.

[
1 + ,~ ~ 

sIn 0 
‘~s fl ( ; e - ) 2 is about ( ( .2 nione iIa~ e’r. Similar results were

= I + - - - 
- 

- - - obtained wi th  solut ions m e l  hi gher content ru-
r / f l e - e - t  e\ ”l , ,  7 f l ee t  e\ t ions , the  amount adsorbed not increasing
I 1+ 1  - - - I l s i n 0 — (  - -— I
L \ n e ; ,  / J n e , . / s igni f icant l y  es t he  conc en lrat ion ~yas increased

to ~(( I f , imp ly ing  I hat a m a x i m u m  men e qt t i l ih—
where- - I is the’ ab sorhance , n is the index of rium value had been reached. The stean ie’ acid
re’fracl ion , and the subS cnil i ts  refer to the in- solut ion was then re-p laced b~ CCI1 , and the
terfaces (sapp h = sapphi re’, st = stearate) ,  so desorption of stearic acid was followed l)y
t h a t  fe-j r the Ge’ ste ’7e r at c ( ‘Cl.~ system (101) monitoring Ihe decline in ~~~~ The’ amotint
reflections at 45°) the monolayer absorbance of residual stearic eciel was about I6~~- of a
at 2928 cm — 1 = ( 1 ,4 192 or (1.4 (1.92 X 100) nionolave’r after ut period of live days.
I a n  re-Il e’ct ie)n ; i.e ., for a Ge’ I R E  g iv in g  25 ( )th er expenimii e ’nts were carried me lt with

_ !e ,ee,- ,e ,ei ,, r e si te ,,,! ce,,! Ie,I, -r °ere S e , , , , - , V ,et . 4-i , N’’ . 0 , \ I r e , e — r  m e T



-
~~~~~~ - ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ -- ‘ -

252 V.-tX(; I T  .1!..

sing’ie-beam spectra suc h as A , B , and C we’re’
stored by the instrument ’s di gi f a l  computer

4 and could be recalled at will see t ha t  rat ioing
and scale expansions could be carried out.  ‘I’he
ratio of Spectra A and B resulted in spectrum

~~~~~~~~~~~~~~~~~~~~~~~~~~ D , showing onl y the  bands of ((‘14 (13 ), The
solvent hands , which were not intense but
mig ht overiap those of the solute (en ucclsorbe(i
mater ia l , could be removed b~’ ral ioing a
“sample spectrum ” such as C ucgainst spectruni

B 13, yi elding a trucee such as F. A spectrum such
uts B was recorded for an~’ one experimen t an(i

3000 2900 2800
cn14

ho, 2. Adsorption of steanc ac-itt on Ge, Spectra ~
were recorded with the Beckman 1k-I 2, using a Ge IRE
giving 23 reflections at 45°. A:  back ground , B after C
16 hr in 1. 4 X I O u  .1! stearic aci(I solution. i’he’ ordi-
nates are displaced .

alumina (Fi g. 3) and PdO-cottted Ge IREs
(Fig. 4) , and adsorbed steam-ic acid was
det ected.

Similar adsorption experiments were carried
out with the Fourier transform spectrometer,
using the device shown in Fig. 1; sonic results
are shown in Fig. 5. After a clean Ge fl~E had
been installed in the device, a spectrum (A)
was recorded. The resolution was chosen to 3000 2900 2800 ctii ’
be 8 cm ’’, constant over the entire frequency t-’mo , 3. Stearic acid adsorbed on (0001) re-AlrOs.
range , because little would be gained by using Spectra acre recorded with the Beckman IR-12 , using
better resolutions. The cell was then filled with an IRE of a-AlmO i which was cut to expose (0001 faces ,

CCI,, and the background spectrum B was and which yielded 100 reflections at 45°. Spectra were
recorded with the IRE in air subsequent to adsorptionobtained now showing a CCI, band. Stearic . -of stearic acid from I X 10 2 ,11 solution’ see text ( t f l e .

acid solution was then introduced and addi- .i ~ : unpotarizel. B : parallel polarize d . (‘ : perpend icular
tional spectra were recorded , e~g., trace (‘. All polarized ‘I’he ordinates are displaced.

.Fee e,,’,,aj of (oUoid ,c,,,I fec h ’r feic e S ri ’ -eec ~. t ’,et . i4 , No . 2 , ,tec gelc t 017.3

_ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _  _ _
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tra were fairl y noisy, e.g., A , F’ig. 6, but the
main spectral features of adsorbed stearic acid
were discernible. F’or trace A of Fig. 6, A ig~s
=0.011 equivalent to about 6% of a corn-

A pressed stearic acid monolayer. The lowest
coverage detected with a 6.2 X 10~~ M solu-
tion was about 3% of a monolayer , and was

IRE with the solution , with a signal-to-noise
ratio of about 2. The quali ty of the spectra
was better at higher coverages, e.g., B , Fig. 6,

~~~~~~~~~~~~~~ 

observed about 10 ra in after contacting the

equal to about 0.3 monolayer. Also , the re In-

3000 2900 2800 cnI’
I ic 4 ‘-eteanc acid ae tse i rhed on PdO/Ge Spectra

were recorde d with the Beckman 1k-12 , using a Ge I R E
one side of which hail been coate(t with a thin film of D
PdO. Afte r ad sorption had been cecmt)letc d from IO~ .1!
solution , unpolarized ( A o , parallel ( B ) ,  and perpene licu- - ‘

~~~ spectra were receerded . The ordinates ____________

used as back ground spectrum for ttlI sub- ‘ . ‘ ‘ - - i - ’ - ’ . ’ ’ ’ - u ’ ’ • ’ ’ ’

sequentI~ reco rded “sample spectra ” so that 3000 2000 1000

a series su-Th as spectra E— H resulted. Both
sing le-beam and ratioed spectra of Fig. 6 cx- I - ic ,  5. Stea n ic acid adsorbed on Ge, Spectra were

• hihit  certain features which are not directl y recorde d with the I)igilah FTS- 14 Fourier transform
- spectrometer , using a Ge IRE (51) X 20 X 1 mm , 30°p ert Inent (13). It a as lx)ssible to scale-expand leevel angles , yie ld ing abo ut 90 reflections ). A :  Ge IRE

each spectrum , or segments of it , at wi l l ;  in air. B: Ge IRE in CCI1, C: Ge IRE after immersion
sc enic examp les are shown in Fig. 6. in I X 1 0 ’  .11 stearic acid solution for 30 m m .  I ) :  rat io

Exper iments were carried out with solutions of spectra A and 13 . E — H :  ratios of spectrum B with

varying from 6,2 x 1o— ~ to L2 x 10-_ c Al. At other Sl)ee’t ra such as C recorded after the follon-ing
- . . times of immersion in minutes : E, 1(1; I”, 30; G , 120 ;the lowest concentration the adsorption pro - - -It , 72(1. 1 he ordinates are displaced ( 13). All spectra

tess, (leteritmed by the increase of A 2925, re- were recorded with 400 scans at a resolut iein of 8 em
qtiired severai he e Tu rs for comp letion. The spec- constant over the spectral range shown,

J e eur ,eejl .e) I eelloj ei ej~~ej In!e, J cjre a e e e e n . Vol . 44 0. ~ , ~t e J K u — t i57.3
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t ivelv weak  carbon~ l band ((‘ , 1) , Fi g. 6), antI the  incident beam which forms a 450 ang le
the weak niethv lene bending bane! at 1435 Clii~~ with the interface , and F5 is the ai iip l i tude of
could be observed (E , Fig. 6). When desired , the perpendicular polarized beam. The ab-
the spectra could be smoothed (14). Absorb- sorbance ratio for stearic acid molecules
ances were ’ obtained from the computer read- oriented normal to the interface is . l 1~~l ee
out and the plots (15). = 1.183 , and for completely random orienta-

tion is (1.532 ( I I ) .  Moreover , for the case where
- all of the adse,rbed molecules lie ’ l la t lv on the( )tui-:xi’~’i’iox (iF ADSe)Ri (l-a) Si’F~c11-:s - 

- 
-surf utce , the  expected abse rbutncc rat io is,

The ‘‘wagging bands” or bane! progressions 
— ~, 2 ~, 2 I , 2- i / ’ e e ~~~~~~~ ’,e ( ( ‘ , f e ’ ~~~~(a series of bands caused by I nteract ions be- -

tween meth~ lene groups when long-chain h~ - It  is thus Possible to obtain scen ic ’ in fe ,r i i iu tt ion
drocarbons are svninietricutll arranged) which about the adsorbed acid me,lectiles liv coin-
were prev ititisl y used to infer information paring the expected and measured . i i -l e e
utbout the  orientation of adsorbed carbe ,xvlic yut lues ,
acids (7 , 8) were not observed in the present Some ~

1 1’~1 e m  measurements we’re carried out .
stud ~~; either the bands were too weak to be l”or examp le , the spectrum of steanic acid
observed or not present. However , it was adsorbed onto a Ge I R E  from 9,3 X 10—s M
possible to obtain sonic informettion about the solution was measured , and then the  measure-
stearic acid adsorbed on IREs by means of nient was repeated using lxtr allel pola nizc-d
polarized radiation. Such effects have ut lreu tdv radi utt ion utnd again using perpendicular peilar-
been demonstrated in utnother  study (11). ized radiation (all three spectra were vc’r\

Th e electric h eld amp litudes at the interface similar to sj)ectrun i 13 of I”ig. 2 > ,  ‘I’he - I - .1 c i
(9 , 11) of the Ge s tean ic  acid (‘(‘l i system are rat io u tt 2928 cni~ ’ was 0,526 , i nip lv ing  th u t t

= 1.397, F, = 1,520 , and F. = 1.546 , the  adsorbed mole ’cules a-c-re oriented r andoii ml ’e
where I~ and I~ are the  u tmp l i tude  cean- e m the (;e surface,
ponents e f  the - polarized radi ut t ion paralle l to Sim i lu tr  exper iments  we’re carried out wit  Ii

C j~ ‘

I 

4

— A > 
B C 

_ _ _  e 
E

U U H
I eec . de. ~ i e - c c r ) e  cu e id c e l— ~e ri ce-el  cc i i  (a- . Sc ’g ci e t ’mmis ee l  r e i mic e e-el sP c’e t r e, r e’ e - e e i — e le- e l  wi th  tht ’ I ) ig ilale I l S  14

l eee i r i c - r  i r an sfc er n i  _
~ 

e e c  t r c en me- ie’r e - e -  l t’ g t- imet cf I ig 5, .’ei iel i e - ’,i  ( I _ I , l4~. A :  a f t e r  I~) hr inm n le .’ rs ieen in
6 X 10 If ‘~l e c u r i e  ac id s e c l u i i ee im  4(93 ~e e l m ’,. ‘,m ie e ccc ih e ’c l  1 4 .  I I ,  a f ter  a l e e c e e m  2 m m i ii inm n l c ’r s i e ei m in 1 )( tO  C

11 ~i e - ar ie  ce je t  sce lu t ie c im .491 ~e e r e ~ . neem si mi eee c i l m t ’ e l .  3 :  a f t e r  I t )  nun  i n m n i c r s i e e m e  in 1 X lit 1! stc ’arie cu e
‘ , e e lu t j ee i m ; 4(9) oe -an,s, n e i l  ~m m e e e e e i h e - e l  m lek is a s m m m : c l l  ~e gmi m e’ imi  cf l- _ Fig 5. I i :  s Ic  (ru m 3 ’ , a f t e r  s m e ce e t l i i i mg

14 . I - : : a f t e r  7 hr in im im e’ r s i e e i i  in I 10 .11 ~m t-anie a c i d  s e c l u i i e e n ; 419) sea Rs , smm i ee ec t l i e—eI  14 : :  m I m e ’ ,  is 21

~m e e a l l  ~c-g m mic - i i i  e e l  I I , t ) g S A ll  ,~ce -e ira me c-r e- rc’e e e r ele’ e I at 8 e imm e r e - s e e lu t i ee im .

e I i . - , ! te ed I .e l , , ’ , e, ,  e , t e e , , , . ~ ,e i i i . N . , . 2 \ , e cu ce —t  ‘C ,  
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st e ’aric acid adsorbed from I X 1( 1 2 M sc mlu -
tion (inte l an n-Al ,O, I R E  f abricated te ) ex l iem se ’
((XX) 1 ) surfaces ( 11), The alumina [-RE gave
100 reflections at 45° and this , along with poor
matching of refractive indices (9), caused all
of the rutdiation to be absorbed by the se lution , ~
so that  it was not possible to stud y the’  ad- B
sorbed film in si/u, (‘onsequcnt lv , after equdib-
n iuni  adsorption had occurred , the IRE wuts
removed frtmi n t lie stearic utcid soluti e ,n and ‘ ‘ 

2000 ~~ond
clipped several t imes in te l  (‘( ‘l i  in order I ce  re-
move adhering solut ie ,n (16). Spectra we’re t hen , , 

Lie;. 7. K u m e c ( i e  ee l  a e l s c e r l e i i e e i l  ccl ‘,)c ’arlc ae jet  cc ii

- 
- I he- Bet km an 1k - 12 me t s set a ime l  rc’n uai nc ’e l  at 2928 en )

recorded wi th  the I RE in air (1’ ig. 3), the .1 292C and the- leackgreiunel i r a e  c A wa ’, re’e ecne t t ’eI lh 1~ Ge I RE
value ob tutineci fre m spectrum A inclicutting 23 re ’Ilect ic ins at 45° wees then in mni er s e-e t in 1.4 X Iii
t h;tt an aniount of steanic acid equivalent to a If stearic ac i d  se m l u t i e i n  and irac c B me cc’, rc-e , , r e t c e I  I lic’
compressed monolayer was on the plate .  ‘I’he c e re li naic ’ , are el iS I l lu c eel .

- 1 e ‘.l m e  value obtained from spectra it ;tnd (‘

eif Fi g. 3 was 1,62. The .1 j / . I mm ratios for this 
-

system for the two extrenie orientations are ~~~ rume ’nt  is se - i  at e ,ne ’ p ar t i cu la r  1re ’qucnt- ~
1,2 8 for comp letel y random orientation and and in t ens i ty  change’s ccccurr in g  at t h a t  fre-

2.13 for ideally close-packed , normal oni cntu i-  quenc\ are recorded as a f u n c t i o n  of time.

t ion eif the utdsorbed stearic acid. The m,bsenve -d Such measurement s at-re liossible w i t h  t h e

value of L62 suggests that  the aclse rbed fi lm prese’nt 5\ stein , and Fig , 7 s t m , e o s  the  2m ,i2~
was Putrt ia l l y oriente d (16). An si /u  st t idv t-nr buui cl e,f ste’a nie - ac id  changing w i t h  time ’ .

elf t he  Al,0, - ste ;tni c acid (‘(‘I sy stem k I t is ne i l  peis sible ’ to e’arr emut  i d e n t i c a l  me-a -
possible if a properl y sh aped I R E  is ava i lu tb l e , su r ement s  w i t  Ii the- I’ l’S- 14 , he - t at i se a F eeurie ’ r
i.e., eine ’ p e rmi t t i ng  ;tn ang l e ei f incidence ’ I ransf ei rm slie’t-t ro me- t er  alwa s ‘ Se ans ’’ all

greutter than  60°, the  tr i t ic’a l  ang le fo r the - fre quent -i c’s s i i a m i l t a r m t - e c t i s l v .  I l m iw - e’ve’r, I he- in-
system being cle se to 60° , St r ome -nt ‘

~ ei l me ’r ; e t ie m n 5 rapi d e-n e iugh 1e pe ’r iuii t
l ’ar greater po larization ehiecis we- r e’ fecu nd measuring se-n e’s e f  spe’t ’tra t’ee ~’e’ri ng I lie- in-

w i t h  the  Ge I’d( ) steut n ic aci(l - (‘(‘I m svsteiii s t run i e f l t ’s entire ’ spectral range- . Such series
(Fi g. 4), imply ing that  the adsorbed Ia~ c-n (In eif s l e~t rut , e g ,  E II , I’ ig . 5, ca n t lien Ice used
the Pd() p emrtion eif the  surface was re-l at ivc - l~ 

to folleiw the ’ in le ’ns i tv  changes mif many  ( l i t t e r -

hig hly  oriente d . Hemw’ever , the sped rut utre ent buuids , e. g. , l”i g. S.

re lativ e’lv poor and because ’ the actual na tu r e  I t is thus  pecss ilc le ’ to eth ta i i i  in f em rm at  im m n
of the surfutce is not know-n , - I 2.2 2 ,  and .I~ .’ .1 e m  about utdsor pti een from solution e i t h e r  by
values and their significance are uncert utin : monitoring ut single ’ band c, r , preferabl y, by
unlike the oxide coating on the Ge I RE’s, the moni tor ing the i n t e ns i t y  changes of n iu tny
Pd() is neit opt ical l y  th in , Sm, t ha t  the  changes b;t nds so th ;tt  composition change-s of the ’ ad-
in polariza l ic,n m a  he part l y ccr wholly hrought sorbed layer cutn ;t l se c be’ followed , and th is  is
about because cif c l ihTeren c - es in i ndc’ces of deine by direct measurements  of the  rate emf
r e f rac t  ion, bu i ld— up of I lie a dls cm nbat e -  d en the ’ st ir f ;e c’e- , ~‘31 ass

k i x i  - IC -S 
trutnsp ( irt  intlu e ’ne’es t an  l)e’ de ’te -r i iiint ’d by
vary ing I lie t’ircul at  id , fl of the  s c m l u t i m m n  in t lie’

I t  is well know-n t h a t  the  in tens i t y  e -h ;tnges usual wa~ . In the  present east- , t h e  rut les are’
e f  one absorpt ion band c;tn be follow’ed w i t h  a n(ct me;tning ful because the solut j ells Were’ fleet
cernve ’ntiona l dispers iemn sl)c-e t remieter b~- ehs - stirred , al thoug h the  elTe ’cts eif clitTu sion as
engaging the  ins t rument ’s scanning  drive ’ ; the  rale ’-cont ne c l l i n g  p rmee t-ss can be e’sl i n h a l e d  (17).

I ,e.c ce,e l .e ’ e , l b e !  cc,,, ! Ieele e- ’ - e , ,  ‘,- ,~, -c e, - ,- _ y..i - i i . N . .  2 , \ e e s e e — e  i ’ e7_ c 
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The present results indicate tha t  stearic cue id
was rapidly taken up from the unstirred solu-
tions by the surface of the Ge IRE s , the ad-
sorption being compl ete in about 1( 1 nu n. ci i
concentrations above 1( 1~~ M .  ‘I’he re we’re’ nec
change’s in the spectra when the  ;ieIsc irbed h i ln i~
were allowed to remain in cecn t ;ect w i th  t l i t-
solutions for periods up to 20 he curs ; and it 15
particularly interesting te, neete that I lie-
curbon~’l band was observed at 1713 c-rn - ~, - 

-

close to the frequency e f  bulk ste-an t aci(l,
utnd that its in tens i ty  dill not change , nc, ne w
bands were observed and, judging from the re-
suits wi th  polarized radiation , the adsorbed
layer exhibited no orientation , In contrast ,
Sharpe (18) reported th e carbonvl stretching
of an oriented steanic acid monejlaye’r deposited

_______________________________________ on a Ge IRE to absorb at 1745 cm ~, ;t ne l
I I I

300 uoo ~~~ attributed that to a relatively unbonded acid

Fic. 8. Kinetics , Segments of spectra record ed with carbony l absorption unperturbed by the  h~ dro-

the Digilab FTS-14 Fourier transform spectrometer , gen bonding interactions found w’ith bulk
taken from a series shown in part as E— H, Fig. 5 ; see stearic acid. Also , when the oriented lu iv t ’r re--
legend of Fig. 5. The ordinates are disp laced. The time niaj ned on the Ge IRE for a few- hours , a ne-w-
in minutes after immersion were: A , 2— 3; B , 30; C, 110 ; band appeared near 1593 cni~~, probably in-
D , ‘‘

~~ dicating the formation of a (ic salt by chemi-

ISOTHER M S 
sorption (18). It thtis appears t h a t  ra ther
different results are obtained if the utcid is

It  seems feasible to measure adsorption iso- adsorbed fro m (‘(1~ solution : the uedsecrhe’d
thernis by following intensity changes , say layer was irregular (indicated by l s) l ;tn ization

,~~~, as function of solution concentration effects) ; consisted of randonily oriente d , hydro-
and , with proper thermostating, to observe gen-bonded dimers and/or polymers (indicated
the effects of temperature. This was not by the similarity of the canbonyl absorptions
attempted in the present studs- ; solution con- of the adsorbed layer and of bulk acid) ; and
centration were varied at random , and the did not react with the surface in a reasonable
IRE used was cleaned after an experiment with time , probabl y because the intermolecular
a particular solution was comp le ted. The bonding prevented or gre ;et lv slowed down the
equilibrium amounts of steanic acid adsorbed reaction of acid with the Ge surface. Hme se c ’v c’r ,
on Ge IREs were about 6% of a cemmpressed it is uncertain if a direct conipitn ison is valid ,
monolayer wi th a solution of 6.2 X I0~~ M , because Sharpe did not m i i ent iom i how his Ge’
about 9% with I X I0~ M , about 22% with  was cleaned.
6.2 X I0 — ~ M , and 25-31% wi th  solutions Monol ;tvers of long-chain f a t t y  acids are
in the 10_3_ 10.. 2 Al’ range , suggesting that the formed by adsorption from smmlut i on  ( In te l  me ’ial
room-temperature isotherm rose steep ly and oxides (19—21) and sonic calalysts (22),  whi le
flattened out at concentrations above about onl y fractional coverage is achieved w i t h  ear
10—i M. hon and silica (23 - 26). I t  is therefore tempt ing

Jocc,nai , ej Ce4ioj d Steel !nk,[ei~ - .2cienc~, ~“ei . 44 , N.e . 2 , ~eegee. e i’)i,t
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I \ l R . t k l - h s l t l c \  e e l  \ t c s e ) k t ’ t t e e \  t i  l I l t  l _ I ( J t l t e  s e ) l , I l i  I \ I l - .l< l . \ e  I-: 25 7

t e e  lass the (n - I RE sur h a t - e v i ml i  carbon and ee l l ht ’ l~ I~~’ e l i ~t ; i s se -e1  l,~ Sniri i v as u mi and

r 
silie-a , and to  attribute the -  Ic c m~ su i r i c ee  e cecvera gu Kuwana ( 2 7 ) ;  (b )  ‘l’he- optic-al pno~ c-rt ie’s ee l
achieved w i t h  t ie t e e  ‘‘~silan ity c ’l lee t s ’’ h o w - t he  I RE , Solute , and solvent must be such tha t
ever , unt i l  structural i n f e e rn i a t i e mo about ei the r there  is e enl ~ we;ik coup ling bet w- ee’n I RE and
adsorbed li i  ins i~ e d el  ~t ine-el , eemm p a ri s ie  ens a- c eu ld -.e ii vent - ‘I’he ’ conc epts inveil ving an I RE bean-
St e-l i )  l re’lilatt ine . ing a h I m  much th inner  than a im ene t r a t i (m n

de’ptli ha ve bee-n cemnside -re -d by Il arrick (t fl
Ge’ (‘ ( ‘I Ri \e ’ f l e c \  ( e  I f  i h t -  e e e i i e e - n t r a tj e ,n  ecf the ’ sec l U l i e n is high .

lt ,( ii c Is a cr e -  e disc-nec-el at 1 2) X l; i rid I I  5) 1 c i i i  ~ ~l~ ’ ’~ ru i ci will  shc,w the- ;ib scinpt ice n h) an ds
whe n (~~4 -  I RE -. at-re ’ t ’ \ l s c st’el 1 c m  (‘(‘li or ~‘ cl t i -  c m l  t h e -  clis seilve - el us we-Il as t h e -  ad secnlce ’d so l u t e

t i c c l i ’ ,  of -.i ccc n e  c e e i e  I in ( ( ii ,  ‘l’he- ba nd ‘ s i~ 
and emvc-nlc tpping cii  bands may re-stil t ;  ii e~ -

I t - fiSit us incr eas ed wit  h I m it’ an d e-h amigt ’e i in t ’t ic e n cc ee’t lie ie- n I s  arc’ kne cwn , a e - e, rre -c’l ii e n

re - fa t  iVe- (c c one- ;t n ceth e ’ r , t’~~~ , l”i g. 8. ‘I’he- t i n -  c a n  he’ al,lclie -d if the  measur ements are lire -cisc ’
k nee a-n ma i t r ial  c’atis i ii g th e  h a  nds wa s t e’na - c -mice ugh ; ( m l )  ‘I’he’ - ‘Sa iii~ 1e ’’ is small in all case’s
t i c c e i ~~l he ’lel l e e I he,’ I R i- s, c, , cul ( l i l e  ci  he- reme ev’ c’(l and , a l though in tilt  i l de’ relic-ct ions are us&-d .
th e ’ ih ne ,n iic ac id , ;tn(l appe ars te ;  have - i t s  ab sd)r l ) t ie in s are smal l ,  (‘onsequ en l lv , ab secrl,-

e c n ig in ~ii it s I ce mS n t -a c t ion lie-I wee -mi ( ‘( ‘I c and ~ 
,Ln c - e- e f  (1.4 emf a c’ecncpressed me ,nolave ’r eel

c alcium slearale dc-posited em a sapphire -  sur-
l i i i - . I \ r i - R N  U. Ri- .i i i -  c i  t e e N  ~sI i- r l l e m i c  lace- was tise’d (4) ;  the  sapp hi re pla te  gave 1( M )

retl ectie ,ns at 45°. A  ee,nversion from the sa}c-
.\s ih e  I re-se’nt e t l c l c incuo n ~ c’.\pe-rimenls phin c ’ sy stem 1cc the  gernianiun i sy stem is

ha ve- shc mw ’ n , il is fe- ,tsil mlt ’  1c m misc ’ i n f r a r e d  iii- peissible , and smaller numbers  of ne -l ie d ions
te ’ rn al rt ’lk ’c-t icen Ie’t ’hnic 1cie-s to e m hcl ; i i f l  direct mciv i~e’ used. In  u t l l  cases, hccwcve ’r , re’ lat i ve ’Iv
ii i  I c in fl i ct t Ic en a be cut ‘ - c t e lSe  m rf it  ic en I r e  c i i i  secl  ti I ie en. ’’ gre ’;tt de-mand ls ;(rc - placed (in the ’ inst rtim c-li t a—
E xtr ; ( h se l ; i I  ing the ’ lmrese -mi l r e -st i l ls , i t shmm uld  be’ ti e , fl , in genera l , howevc’r , judgi ng fre on t h e -
l~ e ssi l i le’  t e e  SI t id~ a ~‘;e rie ’ t~ ee l  ae l semrhe ’nt - I R— 12 results , il would appear I ha l good rt ’seil ts
ai l see nl i a le -  s’ ste-in s and c c h c t a i n , wi  h a single ’ c’an be obtained w i t h  a res earch— qual it v dis-
cxh ce ’r i nit ’fll ;el le’e-hni c 1t it ’ , mti e’h of the ’ in f em n -  pension spe’ctroiiiete-r , a l though  in ge -mit ra l
m m i i i  c e l l  ecf m i i i  t ’rc’st , i ,e , , adlse)r l)I iern an d de-- bet ten re -stilts can he ee l ,t ;i in ed w i t h  the  I”TS— 14
see r l et ie cfl kin e t ic s. ae,lsc e r l m t ic m fl i~ e et  herms, per- Fourier t ransfonni  spc ’ctnm ime - t c’r (2 $) .
t u r hma ( j e  en e e l ’ t lie ’ ;ulsem nh a e’ ane I eif the- su rfacc ’
—~ ee-e i c’5 pne’sc’li t c,n t he- adse irhm e ’nl ‘s surf;tcc ’ ,

. t ( ’KNU ~ i.I-:DUMI-:\lse r i e -nI  .11 l i i i )  en sI r ca -I t ir .i l  i n fc cn i i m ; e t  ion ;tl .m c c ut  t he-
t e l se enhw ’e l  n i e c l e - emi l e ’s , e l i l l u s im i mi , and e’henhise,i—I e- Su l d i c eer i  I n c  e c e c t r a e  i \ ( M X ) l 4 - ( e 7  ~-c’4(c7 - ( K ) 2 3 l r c e n m ilut -
ie c ri . hlee w e -ve ’r , alt  hecugh I lie’ fil e -I hc ,(l Se-c-ills d l i  t ) iicc e ee l  N aval Research , grant UK 2468$ frec m ih e

at ie en ;e I  Se i e - m e e r  t- eeu ncla m icen , and gr ; cmmi 14 — I l l  — ( 9 ) 1 -at I r c ie I ive’ c m e ’ , se veral  Ji e i i n  Is iii ti SI h)e- kept  in - . ,  - -t $.13 Irce m the ’  ~~I lce - t’ ee l Sa l ine ’  Vt a m e r is gra te- fu l l ymind : ( ;t (  ( ) hmV ic eu sl~ . t he’ met  heed is re-st n e t  eel ae -k n c c wlt’e lges I 
-

t e e  ‘cccl j e l s a-hit -h can  he- f ashii eint ’d I c c  f em rni  I RE5 .
Al th ough single ’ e -r ’, s I c e ls ccl s t i i t i i b l t ’  size- ire - kI-~l-ERE\d .’l-~Sl ice - co n ing  nic cr e ’ ne-a elil  m - avc i i l ; i h l t ’ . I lie- ch ’eice ’ - - , -

- ‘ . I - K mi- i _ i  x c . , J - J - ,  ‘‘ _ \ c l s e e r j c m e ecn  I rce mmi ‘ e e c l u t c e e , i ~ eef .\ e e n —e e l  ;ielsec nlce’nI e c e n l i c e t  1et’ di wi d e- cml ld -  e l  I ere sei m i - c I t e  i r c c l m  Ic’ -,, ’’ ‘te ;eelt ’niie - I ’ re”--., \t ’\v \ m erk 19(eS
L im e citing th e- nit-Iheed I cc Il ic ’ mist’ cci Ge ‘en Sm 2 ‘ ‘ E l e c t  r c . secn l c i i ecn , ’’  U i I e’ae l i , F , Eel , Plt’neinm
I REs , t h(- i c c ; c Ien i c i l s  wh ich cent ’ i i c e l  e c i i l ~ re ’c i el i l~ l e r e, ’,s , \ c-w \ , c r k  I l’) (e~
a v ai la h ele hut alsc c mc h i t ic ;t l l e , t hi t -  i c i e s t  su i l c e le l t ’ , 3 . l ( ’ .\t .tsi’_ e \ . H . It . I ’~:i ce ii , ( I , .\ , tx c ,
we ct i l el be Sc em cce ’w ’hca )  re’s) n e t  iy c- , I he ewt ’vc ’r , it  ~ ~

‘ , ~~~~~~~~~~~~ ee l ( )n g a im i e  ( ‘emn i l cecunel s de n
- - ,, . I _ _ l e e  t r e e .  Id- s . - l ’ lc’ ,c ui i i  I c ress, N C O  ‘i mcrk ( 19 71 ) .ii c a ’, be I c e essi Id e- Ice m It- vt-I c cp f tc -  d e n  Si I RE5 

~ a ri e t i of n ee , li e ’s , m a in l e -  e e , i i e e n iiee l w i t h  ecr e
c e atte’el w i )  h a ~cn\ t hi in t l l  ic~ ‘if adse erhi en t , al - I1ee ~c ta t j c c ic . w a s  re m it- w e-el  I ce -  l . i t t  Ic { S ; see- , ccl- . , , ,
t h ce t i gh  t h i s  i cci gh i  I c - id I c e  em 1m t j ca l  d ihh i cu l l i c s  the  c i ( a ( i c e i c s  in Re-Is .  (Ii S c

j  cc -e e c! c e . 1 1 , / e e c , . !  / e e i , c - ’ c e e ,  ‘ c c , , , , , ~~.e i -14 , N , ,  2 . . \ , i t ’ ce -m sum

_ _ _ _ _ _  _ _ _ _  ~~- - - - - -~~~~~~~—~~~~~~
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5 I c c  t i c , I -  I I . , ‘ ‘ Icef rar ect  N Ic e -. i d a ee l ,~ etseerIe e’eI eeces  e - - . m c m e c c c m e ’ e )  ( c c i c e H  a ) eeee i )  I 5 inc Ices leelce a the
SJ ee ’e ce- , - .~,c a c l e - i c ec ,  I r e - ,-., \~~- cc ~t e crk  19(c( c i ec j e  e e i  t h e  l e lce t  i . e’ . lI c e .’ iei u .mii i cuni eel the’ 292 S-

6. l, e w , \ I .  J . I c  - c x c c  I t  c ’ e c , c e m  ,~~ 1., .F. ( ee l / c c/ el d c i i  ‘ I , c u i c e l  cec e take- , ,  a (1 981 , whic h value was
/ eei, -r hc e ,- S c m  26 , 95 c l’SeS - use d ice e e e m j c u t r  - I cc , ’

7. II c ’ec c  ccc , M , . t ~~ic I . c c w , \I  J . I i . , J .  ( . 1 1 . /el l(e l I ce ’ e l i ) c l c i i m g  l e r ee d e ’elUr t ’ is an ui esce i i s l ae  i e . r c  ‘ me , - ,
/ cc / e r l , ee  , ‘c, 1. 29 , 393 i 1 969 c c l i t i e e u g l c  cL e ‘- I ’  m a t c h ’ i c r  ihe ’ lere’se’til c c l e t e e n c t i c e r %

S I I  e ’ c- : cc  t e e , \I . , .cx c m l. c c m m , ~~I . J , I ) , J .  ( ,c l/ , ,j dl  e .m l eere ci i t ’ i e m s , Iet ’cau se ’ i i is i m e e i  • e - r i c e c e i  tha i t h e . ’
I n te r / cc , , ‘c c i  . 3,0, 475 I I~)(e~) . cc et ’ ,ccr le t ’ eI  I cc~ e r  r e ’ci cct iic ,, e , c , c l i - . t e i r l ee ’e l . I i

‘) I l . c c c c c i e e , , \ - J ., ‘ ‘ l c c te ’ r mc c t l  it t- mI c e t i e c i e  “ l ee .  I r .e ~ t tccci ele” _ .cr l e t c e c i e  a meel  re - c ie l seer t e t ieccc  eec , ur aice l t h e ’
e c e ~c \ ,‘ ‘  tc~ I c - c , .\ e c \  S ce rk  I 1 9 6 7 1 ,  cc r i t - mm i c c i i c e i c  ‘.1 hc ’  f i l i i m let’ e t i c u m i g c’ e l .  d ) i e th e ’ l .a, , , ’

I I ) . l . ee ~m , ~cI . J . I ) ., ( , . c e ’ i c ’ ~i- . i. , 3,. J ., e x c e  \ I  c cc , I I . , ic , e f  c re -v iecce , .  co r k , i c r e ’cacii lelc ’ . ii c e e e u t c l  Ice - c - s
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I’ rcee - 3111 ), ‘c , e e t .  \ I , c l e’c ulc e r  ‘ c I ec - c i r c e s d e e l e \  , l l r i g lc  c e r k ’ m i m e - c l  i l l ,
(c c i i , 1 97 1 . I d e . 4 83 ii , I e e s i i i u i c ’  ccl l’e’ ( re e le -e i c e c , i ‘ I Ice ’ r : e I  e - . , e .g. ,  I e cu 7 , i re .’ f lee t nme’ c ic i i r mg lcml .  Ih sc / v
I. ce ic e lce n , 1 972 ’ . lo g (l ie  cl i  i u s ie ec c  e ’ d l uc i i jec n  ce l l ,  l e e’ r n n e’ imi I c e c U t i c t

I I . I I t t , c . e . e e , ( ;  1,, as ic R c e i - , K 55 , , /~/ ,v ,  ( /e e -d d e . 7-I , c l r \  e e e i i e l i t i c c , c s  c tmce l  c e s s e c m , e i , c g  t h e  ‘Ij t lus j c , cc c e c i l ,
4386 I 197d ) - e i c ’cci  ccl  Sie’cir i, ccc id m . I .e. - I t )  e n e ’, se e , il.

12. Wnxee-: e c , ~~. 5 . ,  . 1  p p l. _S’pc - e! r~c .ce - . I / c c  - I 2e) I 1967 c i n ccc u i i i  ccl  i c iai c ’ r ici l  ev l e i e h e e , u l e l  (a cme ’ , li ilus c’ el
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Infrared Study of Adsorption in situ at the Liquid—Solid Interfac e 1

V. Adsorpt ion of Octadecanol, Octadecy lamine, and Octadeconedloic
Acid on Silica, and a Criterion for Considering

Competitiie Adsorption
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Infra red spectra were recorded in cu te oF octadecanol (A), octadecylatnine (B), and ocr-
adecanedioic acid (C) adsorbed from CCI4 solutions onto highly degacised silica. Adsorbed J in-
teracted ecith silanols and caused a shift , c~c’og, of the silai io l band of “—‘275 cm-’; the data
suggest that A dimers interacted with sitanols but also adsorbed without such an interaction ,
B interacted extens ively and strongly with shanols, causing a ~~~~~~~ 750 cm ’, Also, some’ B
was chemisorbed. In constrast, C adsorption eras slight and the interaction with silanols mveak ;
apparently some C polymer chains were broken. As interactions with si!anols cause a perturba-
tion of the silanoh band and the extent of the perturbation is a measure of the strength of the
adsorption , it may be possible to use ~~eec,n as criterion in considering competitive adsorption
processes occu rring on hydroxy lated surfaces .

INTROI ’IUCTION EXPERIMENTAL

Recently a new infrared method for study ing The experimental procedures used have been 
I

adsorptfon i’mi si/ u at the li quid—solid interi ace describ ed in detail s,’Isewhere (3). Octadecanol
was developed (1—4) so that adsorption from and octadecy lamine (5) were purified by
solution cottid be studied under well-defined vacuum sublimation ; octadecanedioic acid of
conditions. The adsorptions of anil ine of silica , >99% pu rity (6) was used as received, The
stearic acid on zinc oxide , silica, and alumina, Cab-O-Sil (7) silica pellets (3) were air-leached
of decanoic acid on magnesia, and of stearic at 700°C for 6 hr and degassed for 6 hr at
acid on germanium internal reflection elements 800°C.
were examined and information about the
nature of the adsorbed species was obtained. In RESULTS AND DISCL SSION
some cases the infrared spectra also provided .

As observed earlier , the principal feature ofsome tnformat t on about the orientat ion of the the spectrum of a deoassed silica sample was -
molecules within the adsorbed las er. .‘ccs the ,. .

. . - the sharp 3~4, cm ’ band of free silarto l groups -

technique had sh cwn itself to be a useful one , we .
of the silic a surface (soectrunt A, 1’t~ . 1).

have continued the  stctd ies and have excutn ined , .

~\ h en the suer .iplc was miniersed in C C I ,  or in
t h, m c . c

~~~c c : l , c I o t i d c  , .c-~ ‘~~- C . ’ I ~ ”~~, oçt’u d ’ c ’  -““u ’ ,’. - .  , ‘ ‘ -
- ‘ ‘c l  cc .- - c i i , , R e , _  - , e m ~ e l _ u  e ‘ .~~ i , _ l . . - .~~dand octadecancdi oic acid on sihic ,t with  t h e  ‘ .

tance increased because the sCatter in~ of
in ten t  of providi ng some informat ion  about the

rad ia t ton by the sanip l e was decreased , and
effect of t er minal  fu t i c t i on a l  groups on the . ‘

the sil anol band shlt te d  to 3(cS~ ctu~~ e’~ .,adsorption of l in ear ( is i t i cj le cu le s.  . . . °

Spectr ctni B, Fig. 1. lit addi tion to these
l a n  IV: Re’I . ( 4 ) .  general  t ’Uec(s , th e Pertur Ie ;t t iotS of t h e  silanol

US

Jogc.,,,,t 
~‘ 

U olI.eicl ,~,,.I ~~~~~ .Sci,, , c~, 5’,e), 4’,. Xo, 1, Oc~oh~r l ’c ; .d Co icrn iric t © i ’c~.t by \r.”I” ,.c c l’~’,e.. l.e c .
‘eli r ! rb rc  01 r,-i. r .cetc,cction in any to~~n re - -ore ‘.,l.
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observed, itt the manner described previousl y - 
‘

band and the band s of adsorbed material were - —— - .  

~‘7”

(1~~l). 
- 

~~~~~~~~~~~~~~~~~~ 

-

Oc!aelecauol ~~

mersed in CC!4 and then the pure solvent was
~Vheo a degassed silica sample was im- - -

-
,

replaced with solutions of octadecano! in Cd5 ,
changes were observed in the 0—H and C—H 25 275 30 325 35 3.75 ~regions of spectra (Fig. 1). As the adsorption a~~o aes~ aaca ioir 2851 2661 ce4

proceeded , a pair of bands at 2922 and 2S50 Fin. 1. Octadecanol adsorption. After the spectrum
Cm_i became progressively more intense. These A of the degassed sample iii rac ,eo was recorded , the
bands, which match bands at 2922 and 2850 samp le was immersed in CCI, (B) . A 0.5 m M  oct-
cm—i of octadecanol dissolved in CCI 1, are adecanol solution was then introduced and circulated ,

attributed to the C—H stretching modes of and spectra were recorded after 0.5 hr (C), 12 hr (D),
and 36 hr (E). A I mit octadecanol solution eras then

adsorbed octadecanol. Also, a broad absorp- introduced and circulated , spectru m F being recorded
tion appeared in the 3700—2000 cm ’ range , and after 3.5 hr and spectrum G after 20 hr. Spectrum H
the Si’—O }{ band was slightly perturbed was recorded 3.3 hr after a 5 m.lf solut ion had been

(B—H , Fig. 1). Some tailing appeared on the intro duced .

low frequency side of the Si-OH band; the
latter ’s in tensity was not markedly affect ed, abl y lower than the frequency near 3600 cm_i

bu t it is difficult to detect small changes in expected fo r a free 0—H stretching (12 , 13), so
band hei ghts because of the Si—OH band’s that it seems probable that  the alcohol existed
great intensity. The broad absorption was in an associated form in CCI 4 solution. The
caused by two overlapping bands centering hand center of the second broad band bought
near 34 ’O and 3330 cm ’ .N o bands were 01)- about by adsorbed octadecanoi is close to the
served below 2000 cm ’. When the adsorbate band center of the dissolved octadecanol , sug-
solution was rep laced with pure C d 4  solvent , gesting that what has been termed the 3303
there were no changes in band intensities cnr~ band was caused by adsorbed , associated
which would indicate that some desorption octadecanol molecules subjec ted to some addi-
had occurred. tional perturbation because of interactions

The difference in frequencies of the u~ - wi th the surface. The overall results thus sug-

perturbed Si—O H band and the broad 3470 gest that the uptake of octadecanol by the

cm band , &‘o}f , is approximately 275 cm ’ (a silica involved the binding of octadecanol

precise value cannot be obtained because of dimers to surface Si-OH groups via inter-

the broadness of one band), and is of the order actions of the alcohol hydroxy ls and silanols ,
of magnitude expected of ~ Por~ for the per- the hydrocarbon chains being “parallel ” to

tu rbation of a sin ace hydroxy l by interaction the surface as the Claesson ’s model (14). \Vith
wi t h  m , - 01-I ft t nc t ion i i t group of an alcohol such an or im ’ 1ita t .~oti , th e adsorbed ni ’.’!ccmiles
aii.,u~ u u t C  (8—Il) .  Consequently, the 3.4~() ~~~~ j . W c I ~ibl ) T.uelcc .i )’ m~; z , i j~:,~~-j , e ; ue

cnn ’ band is attributed to sur face Si-OH establishment of cooperative vibrations re-

groups perturbed through in teraction with suiting in “wagg ing bands ” or band pro-
the hydroxyls of the adsorbed alcohol. The gressions of the type found in well-s tructured
second broad band is att ributed to the per- aggregates of normal hi gher alcohols (15~
turbed v(0—H) mode of the adsorbed alcohol would not be possible.
itself, In a study of the adsorption of aliphatic

The v(O1J) band of the alcohol is a broad alcohols from C d 4  onto nonporous silica it was
one ceti tering near 3357 cni ’ and is considrr~x found that the amount of methanol adsorbed

j0-.,,,,~i ~j ’ co&,j and 1,e~e, fo re Sc,ence, Vol. 45 , ~~~ i• Octoh~ r I~~73
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~~~~ m.u~ neLts jtas.. ~ cml ~~~~~ ~~Ao-~L a~~~I tmm e~~~l in 04 tade~~ l imnt n ~ ~oI U t t ~ ns (Ci g .L~I —C -~~-~~~~~~ ‘ ~ . 
- 

- were as follows. (a) The C—H bands at 2922
- 

L 
- 

/ and 2~30 cnc- ’ of adsorbed octadecylaininc
“f~~ T ~f -T~~ 

- ‘ / grew progressivel y. (b) The Si-OH band
broadened , declined slightl y in intensity, and -

- ~~~~~~~~~~~~ shifted to 3682 cm~’. (c) A broad and intense
4000 35~6 3333 28~ 7 2651 ~~~~~~ absorption appeared over the 3700—2200 cm ’

re”ion. Sup~rimpo~ed on the broad absorptionFin. 2. Octudecylamine sorption. A: degassed 
were three minor absorptions centered nearsaii~p1e in vacuum; B after Immersion Ifl CCI4. Spectra

were recorded after 0.1 mit octad ec~-1amjne solution 344O~ 3280, and 3137 cm~ . The overall effects
had beers circulated for the fo llo\% i rt~ periods in hr : were thus identical with those found on ex-
C, 0.3; D, 20; E, 62. The solution was replaced w i t h  posing silica to gaseous NH3 (17), aniline
0.2 mit solution , and spectra were recorded after (18) and aliphatic amines (19), i.e., the amine
F’, 3.5, G, 18; H, 42; 1, 66, and j, 120 hr. The solution 

in teracted stronal y with and perturbed thes~as rep laced by 0.3 mM soluttnn , and spectra were
recorded after 4.5 (K) and 1-14 (L~ hr.  .1! was recorded surface stlanols. In the present case, the broad-
19 hr , and N after 96 hr , after 0.4 mit had been cir- absorption appears to center near 2950 cm~’, -

cu tated. Spectrum 0 was recorded 90 hr alter 0.5 mit j ml)Iyin ’, a ~~~~~0R of about 800 cm ’. Such a -
solu non had been circulated , hi gh value would be expected for the strong

antine-silanol interaction; for NH3, ~~~ ‘OH = 73O -

per unit  area of adsorbent surface varied cm~~; and for various amines, i~m’ost — 840—
tn arkedlv with the degree of h ydroxvlation of 

~~ ~~~~~
— ‘ (19).

the surface. With hi gher members of the The three minor absorptions in the X—H
homologous series the effect was lesserted , and range cannot he assigned with certainty. One
occurre( l only at very low concentrations with of the bands k at hi gher frequency than the
n-octa nol , suggesting that the adsorption of 3392 cur ’ ~a(Y~H) or the v0(N—II ) band of
methanc ,l depended inain i ’,’ on the interaction octadecy lamine in CCI 1; and the other two
of methanol  hydroxv ls with surface silanr ,ls ,- bands are at lower frequencies than would bewhereas octanol m olecules were adsorbed

expected for the t’ (N—I-i) octadecvlannne bandsmainly because the hydrocarbon chains were
held to the surface (16). The present data also
poitt t to such an effect . Jud ging front the in- 

-- - -  ~~~~~~~ 
— -

tensitie s of the C--H bands , the amount of ~~~~ 
_ - -

~~~~~
f C -octadecanol adsorbed was fairl y large , but the 

/
7

pert urhation of the Si-OH band was fairl y (
small. Also , at low coverage (C, Fig. 1) the ~
3-170 cm ’ band of perturbed silanols was reta- 

~~ ~~~~~~~~~ [- 
-

tivel y intense , whi l e  at hi gh coverage (E , Fig. 
\,

I ~~ - .~
1) the 3330 crn~ hand was the more pron h in ent.  - -

. ~~~~~~~~ 1- 
——

. - , .-,- - 2~ 2? - 0 )  - -1 1 ( 1 ~~~‘— t  I I

- al~- ri }iol intera(ti )n occurred throughout the Fi~ . 3. Oc iarh-cvlamitie dcsorptLon. After .spectrum
ad sorpt iot t  procc-s-c, the relative ex ten t  of t ha t  0 of l - i g. 2 has bet -ri recorded , the soluUon was me- 

-

in te rac t ion  dim ini si ted with increasin-~ cover- 
placed by CCi , an d a f t e i  21 hr , ~pcctrurii A was i-c-
corded. The CC’!1 w .t~ removed th e sv ’iera degas--ted

age so tha t  at hig h coverage a large fraction of for 14 hr at 23°C at i r l  spe ctrum B was recorded . l’hen,
octadccanol ntole ctt le s ~I ’ l - ’rhz -d w i t l L r ) U t  i f l-  after d .-gassiiig at 200°C for .1 he, spectrum C W.I ~~ 

-
t ( - r t c t ;n g  wi th  s i l an ol s .  - - i -  record ed .

(~ -I 1o,,I a,,.1 I o t .- rf - t ’ .~ ‘~~ - Vol . -I S , NIt’. t . ( t s t ~ ’,Cr t ’)7 ’
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shifted to lower frequen cies because of hy— xv lene (22) .  i a the absence (1 inure (letailed
drogen bonding, and their  frequencies do not spectroscup ic data , bowrver , the n atu re  of the
fit Bellamy and Williams relation between sjiecie ~ remains uncertain.
v~(N— H) and i’~(N— l l) (20) althoug h un syin- 

-
metrical loaditig, i,e., hydrogen bondiitg to Octasleca,,eilw,c -lc td

only t )tIC of the hydrogen atoms of the amine ‘l’he spectra recorded cf silica itnnmer scd in
group , may have caused a larger shift for the octadecanedioic acid solutions show that the
v~(N—H) tha n icr the v,,(N—H) mode (21). adsorption was slow and sparse, the C—H
Al so, when the sample was mildly degassed , bands of the adsorbed acid (2925, 2857 dir ’)
the 3137 cnr ’ band (lisappeared (C, Fig. 3). growing onl y slowly and not reaching great
Consequentl y, it is probable that three distinct intensi t ies  (Fi g. 1). The Si—O H band was only
surface species were formed in addition to slightl y perturbed. However , a weak , broad
the physically adsorbed amine. One of these band appeared near 3500 cm~ (D , Fig. 4),
mi ght be a secondary amine structure (ab- and another broad absorption or tailing
sorbing at 3440 crn~~) formed by a reaction , (termed the 3200 cm~ band in analogy to a

H similar band observed with stearic acid—
silica) extend ed to near 2600 cm ’.

0 N~ R OH Similar changes were obtained when stearic
/ “- R—NH acid adsorbed on silica (3) and , using the as-

- - a 
,~~~ . sic’r iments , and reasons for them made earlier

Si Si —---
~ Si -I- Si . -

/ \ / \, / \ / ~~ 
(3), the 3a00 cm ’ band is attributed to

~~ / \ / \ “ m’(O—H) of individual carbonxyl groups inter-
A similar structure was postulated to accoutst acting w-ith silanol s, while the broad 3200 cnr ’
for a hand at 3435 cur ’ found upon adsorbing band is attributed to the v (O—H) mode of
aniline on silica (18). Some support for such a dirnerized carboxvl groups. The stearic acid—
hydroxyl-generating chenuisorpti on comes from silica and octadecanedioic acid— silica systems
the observation that the Si-OH band was thus behave similarly . In the latter system ,
broadened and exhibited tailing after much however , the interaction of an individual car-
of the physicall y adsorbed amine had been boxy l group, i.e., one not associated with an-
removed (C, Fig. 3). Perhaps such a reaction other carboxy l group, with a silanol does not
can account for the chemisorpt ion effects noted necessaril y imp ly that the adsorbed species is
on adsorbing octadecy lamine onto silica front monomeric , as is the case with stearic acid ,

but onl y that  some of the di-acid polymer
chains were broken to yield terminal car-

~~~ hoxy ls which could then interact with silanols.

,
_

‘ \~
4

~~~~ The length or confi guration of the chains
bearing such carbonxy ls are unknown ; pre-
stunabl y the 1)ol Ymer is lying “flat ” on the
surface. Probabl y the adsorption was slower 

I~~- I  f t t t  ‘1 s( t- ~1ri : ~ t 1 he

I V cat ise the polymer chains had to be disrupted
- ‘ 

325 35 37t p so that carhoxvl— silanol interactions could
400(3 3636 33~3 30?? 2857 266? mn(

take place.
Fs~, 4. Octadecanedj oic acid sorption. Degassed

samp le in ri,cz,o (A) and after immersion in CCI1 Competitive A dsorpl ion
(B) .  Spectra were then recorded after the drcu 1atioi ~ 

- -

of a solution ~~O.O3 mM for 42 hr (C), .-._ü~ ô mit ~or L’he present studies of “adsorption from
48 hr (D) , — 0 .1 tn .1! for 48 hr (E), and ‘~ 0.03 mit f’r so~ut ion ” are intended to provide some in-
I Fr (F) 

—

~~~~~~~ forr~rttiun Thout adsorbed -pecies, in ~uialogy

copy 

-- - - -—
- -~~ --—~~~~~~~~~~~~~~~~~~~~~~~~~ - --- -~~~~~~~~~~~~~~~~
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to similar spectruscopic studies carried ~ t t t  - Sihca adsorbs akohuls (~X~ ott 3()l) cr rt ’)
with  gas—solid systems. Preferential of “selec- in preference to henz cne (~~t#oH 120 ctn 1)

ti ve ” adsorptiotis are involved.  However , it is (21. 2 9—Sf ) .
obvious that  the sy st ems are not simp le be-

1 l~or adsorption on silica , Robert (32) re-
cause two adsorbates are always involved and ported the follnwii ~g preferential adsorptions :
their competitive adsorption influences ad-
sorption rat es and the nature of the adsorbed C1l~YE {1[~~ 011 ‘~~~ 840 cue~ (19)]

layer. The complexities involved in contpeti- > CFl3OH(~ i~o,~ 300 ctrt _L)

tive adsorption have been revie~ ed in Rip-
ling ’s monograph (23), and fac tors such as the ~~~~~~~~~~~~~~~~~~~~~~~~~ — 330 cm~~(?5)]

polarity of the surface or heats of immersion > (Cl13)2CHOH(~~’o,~ 
— 61) car’)

have been considered. In particular r ’.any
workers have stressed the importance of benzene (~Xt~o~ 120 cm_I)

adsorbate-hvdroxy l interactions for adsorp- > n.heptane (~ i’ott 43 cnn —’)
tion onto hvdroxy lated surfaces. For such
cases, the perturbation of surface hydroxvls Itt each of the examples cited , the adsorbate
mi ght constitute a useful criterion for c~n- producing the largest •.~ ‘o~ when adsorbed in-

sicl erine competitive adsorpt ion. dividually on silica is the one which was
Spectrc ’scop ic studies of gas.solid inter- preferentiall y adsorbed fro m a binary li quid

actions have provided numerous examp les of mi :~t ure , and this  lends some support to the

the perturbation of surface hvdroxy ls by suzgeSt ion that ~~oir nlay be used to estitnate -

adsorbed materials of all types (24), ~L~d ~t 
;vhich of two , or perhaps several , components

Seems generally accepted that the extent of would interact preferentially with surface

the perturbation , in terms of the nia~nitu de of ii~~ d ro’~vls. ‘(‘he preacat data follo w this trend

the hydroxvl shift ~ vos~, is a measure of the al so. Flowever , the relation could onl y he cx-

strength of the OH—adsorbate interaction. pected to be a reasonable one if cheniisorp- -

The mechanism is stil l in question , bu t it is ~~~ were not involved , and if the adsorbati-

clear that the magnitude of ~~ OH is related to molecules were relativel y sit itp le . i.e., sinal~
the group funct ional i ty  of the acisorhate in OOes, which would not polymerize or for which
roost cases (23). Similar hycl rox~ 1 shifts occur the OH-functional group interaction would not -

when hydroxy lated solids are immersed in be overcome by the in teraction of som e other
li quids , e.g. , Fig . 1, althoug h d ata are sparse part of the adsorbed ! molecules wi th the surface .
and some of them were obtained in the over- The relation , which would be applicable tutone region ( 26). It seems usetul to extend all types of hydroxylated surfaces , would seem
these concepts to adsorption onto a hydroxy- -

to l)e a useful one which should be turther
lated surface from a binary solutton. -

For example , for the meth yl acetate! explo red.

ben zene - ’silic a ~el system methyl acetate was
- ACKNO~VL l-~DGMENT

preferentially adsorbed (2 i) .  For ben zene
vapor adsorben on silica , ~~~~ = 120 ctii~’ 

Ih~. ~vt,rL was s’tpis~ tc’d iii ~~~~~~ 
l,v the Otf ~ce of

I .  ~~
‘

taken to be closely approximate d by the value
—of 2S0 cm found for ethy l acetate (2~ ).

Also, silica adsorbs alcohols in preference to 1. 1.0W , 31 . J. 1)., A N t ’  ~~~~~~~~~~ M. , I. colloid

i-octane (28). For alcohols a ~~~~ value of !~~ rj 1c5 SL  26, 93 (t% S).
2. 11 t—Ix’..~~ -‘ 31. ~xr ’ Low M. J. 1). 1. Ccl! nid

~~ .,00 cm ma~ be take n for z oc~tan e , the I,i1r rJ ~r~’ S L  2~
) 503 (l ’1(39).

~~~~~~ value is approximated b ~~at of - - la  
~ l Js ;c ’;~ w.~, 31. , .v i i  l.ctv , 31 . J. 1)., .1. C,ll -~id

cnr 1 for i-hep t anc (25). - . - _ 
I, - ( , • .~Ci. 50, 37~ (I%9).

C)
Je’,,,a I ~~‘ C~ti ’id ,~ , t  f , : - ~’~ .• ~~~~~~~ - V-S  - I S . Y~, I ,.dctob. .r ia a

B~ S~ 
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INFRA RE D SPECTRA OF WATER IN AQUEOUS SOLUTIONS
USING INTERNAL REFLECTION SPECTROSCOPY

t4 .J .D.  Low and R .T ,  Ya ng

Department of Chemist ry
New York University
New York , N. Y. 10453

The re has been a continuing interest in the s t ructure

of water and of aqueous solutions, and many studies have em-

played spectroscop ic techniques.  These have f requent ly in-

volved absorption spectroscopy in the near—IR range, and

Raman scattering. In general, however, the normal IR range

has been but l i t t le  used except for studies of EDO—contain-

ing solutions , and the reg ion near 3500 cm~~ of the inten se

H5 O absorption has been almost comp letely avoided . Trans-

mission techniques have been exclusively employed with ab-

sorption spectroscopy. Internal reflection spectroscopy

(IRS) techniques have been employed to examine aqueous

solutions, but the emphasis was p laced on studying the

solute rather than the solvent. Also , the solute concen-

t ra t ions  which had been employed in transmission studies

have been rather high. We now suggest the feasibility of

carry ing out s tructural  studies of aqueous solutions by

using IRS techniques to record spectra in the IR range, em-

ploy ing solutions of relatively low concentrations. For

example , the lowest concentration of aqueous HC1 solution

exam ined by Ackermann’ was 2 .5 M by transmission techniques

in the 4000-1100 cm~~ range ; in contrast, using IRS , the

perturbations of the 0-H stretching and deformation band’~

of H 2 0 could be observed with 0. 1 M HC1.
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Some of the exploratory results are shown in Figs .

1-4. Each IRs spectrum shown was “solvent—compensated”

by ratioing the single—beam spectrum of the solution

against the single—beam spectrum of pure H20, using di g-

ital computation. Spectra were recorded at room temperature,

nominally 25 °C, with a modified Digilab , Inc. Model FTS-14

Fourier t ransform spectrometer at a resolution of S cm t

200 interferograms were summed. The optics, which incorpo-

rated a Ge IRS element, were adjusted so that the trans-

tnittance near 3500 cm~~ was ‘-
~‘ 50%, i.e., the equivalent

penetration depth was ‘-
~‘ 0.8 ~ , so that quite a thin layer

of liquid was studied. Some additional experimental de-

tails are given elsewhere.
2’3

The “negative” and “positive ” bands appearing in IR

spectra of aqueous solu tions (Fig. 1) are caused by dif-

ferences -between the contour of the 0—H stretching band

of the H~0 of the solution and that of pure H~O, and re-

flect changes in the absorption of the solvent brought

about by the presence of the solute. The extents of the

perturbations, i.e. , the intensities of the positive and

negative band s and their frequencies, are functions of

the nature of the solute, and can be observed at rela-

tively low concentrations (Fig. 2) - Perturbations of

the H20 deformation mode can be similarly observed (Fig.3),

and quantitative relations between band intensities and

solute concentrations can be obtained, e.g., Fig. 4 ; the

upper plots refer to the variation of the absorptivity of

the 3470 and 3250 cm~~ bands caused by NaBr, and the lower

plots to changes caused by NaNO3. It seems possible to

interprete the effects in terms of “structure-breaking ” and
“structure—making” e f f ec t s4 of the solutes, but this is best

deferred until computer-resolution of the bands has been

effected.

300

L -~~~~~~~~~~--—~~~~~~.-~~~ .- -~~~~~~- -— ---- - -- 
~~~~~~~

- -
~~~
—--

~~



F - . - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

INFRA RED SPECTRA OF WATER

~~~~
‘—

j J 

!~~“JJ~ O.3M

~~~~~~~ flv~~~ii
_ _  

3500 3000 crij 3500 3000 au ’

FIG. 1 FIG. 2
Spectra of 1M Solutions Spectra of NaBr Solutions

301



LOW AND YANG
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o ,  

A 3470 
A 3250
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2000 I 2 4 5 6 70

M NaN O 3

FIG. 3 FIG. 4
Spectra of NaBr Solutions Effects  of Concentration

The mechanics involved in obtaining and examining the

necessari ly thin liqu id layer s are fa ir ly simple if IRS
techniques are used , and spectra of dilute solutions can be

obtained. A correction for changes in penetration depth

with frequency can be applied where needed. The signal-to-

noise ratio of the spectra can be improved through additional
multiple scanning and the use of a better detector . It was
not feasible to study D20 and EDO-containing solutions, but

302
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that should be straight- forward because spectra can be re-
corded over the 3800 — 800 cm~~ range. Also, thermostatting

the IRS device, so that temperature effects  can be investi-
gated , should present l i t t le  d i f f icu l ty .  It would thus seem

— that IRS techniques, especially in conjunction with a Fourier
trans form spectrometer and digital data handling techniques ,
affords a useful approach to the study of structural effects
with associated liquids .
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Quantitative Analysis of Aqueous Nitrite/Nitrate Solutions by
Infrared Internal Reflectance Spectrometr y
R. 1. Yang and M. J. D. Low
Department of Chemistry, New York University, New York, N. V. 10003

Infrared spectra of aqueous NO2 - and NO3 - solutions , IRS analysis of aqueous NaNO3 solutions has been de-
and of binary mixtures, were recorded using internal re- scribed by Kat lafsk y and Keller (2), who found a linear
f lection techniques and a Fourier transform spectrome - variation , !N03 ’] = aA(N03 ), of the 1335-cm-’ NO3 -
ter. NO2 — could be detected at a concentration of 0.02M, absorbance over the 5-20% concentration range . A(N03-)
and NO3 - at O.001M. However , NO3 - also became ad- is the NO3- absorbance. Wi lhite and Ellis (3), using IRS,
sorbed on the Ge prism. After making corrections for reporte d a similar linear variation for the 0.l—1M NO3 -

NO3 - adsorption and for overlapping of NO2 - and NOa~’ range, but another linear relation , [ N03 ] = b +
bands , it was possible to analyze binary mixtures with cA(N03 ) , for t he 0.01—0.1M N03 range. Ah lijah and
concentrations as low as [NO3 -]  = O.03M and [NO2 - ] = Mooney (4) used IRS to analyze aqueous NaNO3 NaNO2
0.05M. By adjusting the optics so that the usually totall y solutions ; their calibration plots were linear but their
absorbing water stretching band had a transmittance of graphs (5) show them to be 1N03 J = d + eA(NOa -)  and
about 50% , it was possible to observe N—H and C— H (N02 - J = f + gA (N O2 -) .  Values of d and f are near 0.08
stretching bands of solutes . Dissolved materials cause and 0.1 absorbance. As our observations differ somewhat

from those made earlier , and the method is of potentialthe water structure and consequently the water absorp- utility, we describe our IRS study of aqueous NO3 ” ,lion to change , causing distortions of the back ground of N03 - , and N03 - —N02 - solutions.rat loed spectra of aqueous solutions. These distortions
may influence qualitative and quantitative observations. EXPERIMENTAL

A trapezoidal Ge single-pass plate , 52 X 20 X 1 mm , was used
The utility of infrared internal reflection spectrometry in conjunction with a su itable variable-ang le attachment de-

scr ibed elsewhere (1). Spectra having a constant resolution of 8
(IRS) in providing information about adsorption from or- cm ‘ were recorded with a modified Digilab Model FTS - 14 Fouri.
ganic solvent at the liquid—solid interface (1) led us to at . er transform spectromete r (6). All ting le-beam spectra were ob-
tempt to study adsorption from aqueous solution , using a ta m ed by summing 4(X) interferograms. After the cell containing
Ge IRS prism as adsorbent as well as for optical pu rposes. (2) 6. Katl at sky and R. E. Keller . Anal. Chem - 35. 1665 (1963) .
NO3 - became adsorbed on Ge, prompting us to examine (3~ ri. N. Wi lhite and R. F. Ellis , App!. Spectrosc.. I? , 168 (1963)
the quantitative aspects of the infrared analysis of aque- (4 ) 0. E. B. Y . Ah lijah and E. F. Mooney, Spectroc him. A d a  - 25A , 619

ous solutions of NO3 - , N02 , and of N03 - --N02 (1969)
(5 ) Ret , 4 . figure 5.

mixtures. (61 M. J. D. Low . A. J. Goodse l . and H. Marts , in “Molecular Spectros-
copy 1971 . ” P. Hepple. Ed.. Proc . 5th Con!. Molecular Spectrosco-

(1) A . T. Yang. M. J. 0. Low . 0. L. HaIler , and J. Fenn.. J Colloid In- py. Brighton . England, 1971~ Institute of Petroleum , London . 1912.
ferf ace Sc).. in press. pp 383ff
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UTh~/ 3000 2000 1000

Figure 2. Ratioed spectra
3000 2000 X Each spectrum shown was obtained by ral loing two of the spectra of Fig-

ure 1. (A) water (B , Figure 1/A . Figure 1 1 ; (B) 0,2M NaNO2 + 02M
F. ~ I NaNO3 lol ut ion (C. Figure 1/A . Figure 1) : (C) O.2M NaNO2 + 0 2Mgure . ng e- earn spectra NaNO3 solution (C . Figure 1/ B , Figure 1) ; (D) O 03M NaNO2 + 0 05M
(A) Dry Ge plate in empty cell; (B) water ; (C) aqueous solution O.2M in NaNO3 solution (D , Figure 1/ B . Figure 1)
NaNO3 and 0.2M in NaNO2; (D) aqueous so lution 0.03M in NaNO2 and
0,05M in NaNO 3

A
the Ge plate was installed, t he sampling compartment was flushed
w ith dry air. The cell remained in place throughout a series of
measu rements so that its transmittance remained constant; small
changes in cell position can cause transmittance changes which
can affect the results obtained when two single-beam spectra are
ratioed. Also, the measured band intensities are dependent on
factors such as the angle of incidence, beam convergence, detailed
crystal geometry, and crystal index, which remained constant be- Bcause a single experimental setup was used; band intensity values
would change if a different setup were to be used. Pure water or
solutions of various NH4NO2, NH4NO3, NaNO3, NaNO2, or
NaNO, concentrations , prepared from distilled water and Fe-
agent-grade chemicals , were place d into the cell or were with-
drawn from it by means of syringes and Teflon (DuPont) tubing
was permanently attached to the cell.

RESULTS AND DISCUSSION C
Only single-beam spectra were measured. These were

stored by the instrument ’s disk memory, retrieved, and
ratioed by computat ion as required , us ing the instru 

-

_______________________

ment ’s digital computer. Some examples of single-beam isoo 1300 ~00 crit’
spectra are shown in Figure 1. The equivalent penetration Figure 3. Scale-expanded spectra
depth (7), computed by taking the molar extinction coef- (A ) “ 100% l i ne ” ; see text, (BI 0,2M NaNO 2 + 0 2M NaNO 3 solution;
ficient of liquid water to be 81 at 3450 cm 1 (8), was 3.1 ~t scale-expanded segment of spectrum So t Figure 2. (Cl O,03M NaNO2 +
at 3450 cm ’ and about 8 M at 1600 cm ’ . Spectrum A is 0.05M NaNO3 solution ; scale-expanded segment of spectrum 0 of Figure
the “ background” of the Ge plate in air. There were 2
prominent CO2 bands, and some water vapor bands in the the efficiency of the air dryer . The noise above 3000 cm
1900-1400 cm region , caused by residual water vapor in and below 1000 cm 1 in spectra C and D of Figure 2 was
the spectrometer . When water was in contact with the Ge the result of ratloing spectra in regions where the trans-
plate , the pro minent OH stretchin g and deformation mittance was very low. In spectrum C. the negative OH
bands were superimposed on the background (B, Figure stretching band, t he negative OH deformation band, and
I). The single-beam spectra of dilute solutions (C, D, Fig- the increase in absorption below 1000 cm 1, which are
ut’s ’ I I are similar to the spectru m of water; the bands of barely detectable in spectrum D, are not artifacts. These
t he solute are not prominent. The instrument function changes were caused by variations in the absorptivity of
was removed when two such single-beam spectra were ra- the water present in t he solution, the water structure
tined. If’ the empty cell was used as reference , the ratio ed being affected by the solutes.
spectra had the appearance of spectra obtained by the The ahsorptions of NO3 and NO2 -

. barely detecta ble
usual double-beam operation. e~’., A, B, Figure 2. When in the sing le-beam spectra , became more recognizable in
water was used as the reference , t he ratio ed spectra had the ratioed sp ectra (A , B. Figure 2); computer-produced
t he appearance of double-beam , sol vent-compensated scale expansion then made the bands usable. Examples
sp ectra (C . I). Figure 2). The slight CO2 bands which ap- are shown in Figure 3. Trace A of that figure was obtained
peared in some spectra were brought about by changes in by recording two single-beam spectra of water and ra-

tioing them against one anot her, in order to obtain an es-( 7) N .1, Harric k , Internal Ref lect, on Spec l ros copy. - ln lerscience . . .

New Y o rk , NY . 1967 t imate of the no se level; it can be taken as a “100% line.
(8) W K Thompson , Tran s FaradaySoc - SI , 2635 (1965 ) Spectrum H shows the NO3 and NO2 bands . Spectrum
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Figure 6. Spectra of NaNO, solutions
The numbers next to each trace indicate INO , in M. Al) spectra are
scale-expanded. Part A shows segments taken from a series 01 spectra.
all spectra of the series being scale-expanded by the same factor; band

1500 ‘ ‘ ‘ i~bo ’ ’ ’  p~~ 
intensity is consequently proportional to concentration The same seg-
ments are shown again in Part B. In order to make changes in band con-

Figur e 4. Spect ra of NH4NO2 so lutions. The numbers next to tour more detectable, only the absorption in the 1550-1000 cm 1 range
each trace indicate the molar concentrations was expanded. For each segment. the lowest absorption within that

range was placed at the bottom of the chart and the highest absorption
at the top of the chart , so that the peak heights are the same, The ex-
pansion factor is different for each segment and is supplied by the com-
puter

0.2 NO3 The sharp residual NO3 - band , which could not be di-
minished by extensive flushing with water but which
could be removed by treating the Ge plate with hot chro-
mic acid cleaning solution, is attributed to an NO3 -

0.1 species fair ly strongly bound to the Ge surface. Using the
absorbance of the residual peak, and assuming that the
species causing the band was NO3- , and that the area of
the Ge plate was 20 cm2, leads to an estimate of one ad-
sorbed unit per 5—10 A of surface.

0.) ‘ 03 
‘ Q5 ‘ 09 U The total NO3- absorbance at 1352 cm~’ could be cor-

rected by subtracting the absorbance of the residual bandFigure 5. Calibration curves 
of the adsorbed material. When this was done , the absorb-

C is a highly scale-expanded segment of spectrum D of ance of NO3 - in solution was found, and a reasonably lin-
Figure 2, plotted to the same scale as spectrum C of Fig- ear relation between the corrected absorbance values and
ure 3: the noise level is consequently hi gher. NO3 - concentration was obtained (Figure 5). From that

The ratioing and scale-expansion techniques outlined plot, the absorbance of the residual band (0.0111) is
were used to examine single and binary solutions of van - equivalent to the absorbance of —0.05M NO3- solution,
ous concentrat ions . Some segments of spectra of NH4NO, Using the extinction coefficient of NO,- for the adsorbed
solutions are shown in Figure 4. Similar results were ob- species and estimating an equivalent penetration depth of
ta m ed with NaNO, solutions, the intensity of the 1237- about 7 M at 1350 cm-1 leads to an estimate that the ab-
cm NO2 band decreasing progressively with decreasing sorbance of the adsorbed species was equivalent to the ab-
NO2 concentration. A reasonably linear relation between sorbance of a solution of about 0.06M NO3 -’ , in fair agree-
t he absorhance of the 1237-cm - 1 band and NO2 - concen- ment w ith the value obtained from the NO3- calibration
tration was obtained (Figure ‘i l .  The lowest concentration curve.
yielding a usable spectrum was 0.02M. However , the calibration plots of Figure 5 cannot be

Similar measurements were carried out with NO, - S0 used directly for estimating the concentrations of NO,
lotio ns. Some results tibtained with NaNO, are shown in N02 mixtures. The 1237 -cm - ’ N02 band (asymmetric
Figure 6. ‘l’he intensity of the NO, - band decreased pro- stretc hing) has a shoulder at 1340 cm -’ (symmetric
gr essi v e lv as the NO, decreased , but remained constant stretching) which, as shown clearly by Figure 7. over-
at concentrations less than 0.OO1M (Figure 6A) . lapped the 1352-cm 1 NO, band, The latter does notWith  relatively concentrated solutions, t he NO, band cause the absorbance of the 1237-cm-’ N02 band to
was broad and had a maximum at 1352 -rn ~ and a shoul- change significantly. The ratio of the absorbance at the
der near 140( 1 cm ( Figure 68(. (The weak symmetric 1340-cm shoulder and that of the 1237-cm-’ band is
str et c hing hand of NO, could also he observed near 1050 about 4:21. Taking the ratio of the absorbances of the
cm 1 wit h l .’il NO ,~ solutionsJ When the NO, concen- NO2 asymmetr ic and symmetric stretching bands to be
tration declined, the 1400-cm absorption diminished con stant then gives labsorbance at 1352 c m - 1  due toand the maximum u t  the residual , sh arp band shifted to  NO, I = Itotal absorbance at 1352 cm- 1I — labsorbance
1:)~~I cm ~~. The N() :i hand of the more concentrated so- at 1237 cm ‘/5 .2~i1.It itj i ins more like that of solid NaNO,. for which the Some results obtained with dilute solutions are summa-
as~ rnmet ric ~t u ’ tu  hing hand ii. at 137 1 cm 1 (9), rized in ‘Fable I. The correction for NO3 - has been made.

19) M Anbar . M Halrnan . and S. Punchas . J Chem Soc 1980. t242 The agreement between actua l and found values is not
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Table I. Analysis of NaNO,—NaNO2 Solutions
M NO, M NO, - M NO, - M NO, ’
actual actual found found”
0.20 0.20 0.20 0.21
0.050 0.050 0.059 0.058
0.050 0.150 0.064 0.18
0.15 0.050 0. 14 0.06
0.050 0.030 0.044 0.033

° Corrected for adsorption and band overlapping ,

Table II. Absorptions ot NaNO2 and NaNO,
IRS

Katiaf sky Ah iijah
and and Transmittance

This Keller Mooney
work (2) (4) (11) (9, 12) Assignment 300 1300 100 Oil’

1352 1335 1333 1370 1385 asym. stretch Figure 7. Spectra ot NO, and NO2
104 7 1045 1050 1049 NO, - sym. stretch
1340 1316 1335 asym. stretch
1237 1225 1220 1240 NO2 - 

sym. stretch A

unreasonable. If the correction for the band overlapping
had not been made, the NO3- concentration values would
have been too high by about ‘/~ of the concentration of
N02 . It is pertinent to note that the lowest concentra-
tions reported earlier (4) for a binary mixture were
[N02’ I  = 0.7M, (NOs - I = 0.5M, 14 and 17 times as great
as the lowest values in Table 1.

There are considerable differences in the frtquencies of
the NO3 - and NO2 -- absorptions which have been report-
ed; a summary is given in Table II. The dispersion of the [~

—
~~~~‘ v —] 

-

index of refraction in the infrared region is known (7); i.e. ,
in the vicinity of an absorption band, t he index of refrac-
tion first decreases, then increases sharply, and decreases 3000 2000 1000

again to approach the normal value after the absorption t’fli”

has been passed. Consequently, with ERS. the penetration FigUre 8. Spectra of H20 and NH4NO, solutions

depth reaches a maximum when the index of refraction (A) Water: IB) 2M NH4 NO, solution. The reference used for the ratioed

reaches a maximum and absorption increases. When the spectra A and B was the single-beam spectrum of the dry Ge. (C I 2M
NH4NO, solution , the ratio of spectra B and A , (D I 1M NH4NO, solution ,

sine of the incident angle is very close to the ratio of the the ratio of a spectrum (of 3M Nl+,NO, solulion similar to spectrum C)
refractive indices, the absorption band maximum is dis- and spectrum A
torted toward lower frequency.

In the present experiments, Ge and an average angle of
incidence more than 60° were emp loyed. The sine of the
incident angle and the refractive index ratio of the Ge and
liquid are far apart (0.87 and 0.33). The effect of the dis-
persion of the refractive index of the aqueous solution on
the absorption band positions was therefore negligible.
However, Katlafsky and Keller (2) used an lrtran-2 plate
w ith an incident angle of 40° . The critical angle for the
system ZnS(Irt ran-2)-H20 in the infrared range is 37.5%.
Consequently, the incident angle was quite close to the
critica l angle , and any dispersion of t he refractive index
would cause a shift of absorption band maxima. Similarl y,
Ahlijah and Mooney (4 , 10) used a KRS-5 plate and stat- 3800 3000 aioo cni ’
ed that the incident angle was 30°. However , t he critical
angle for the KRS-5-H20 system is 33.7° . the refractive Figure 9. Spectra of NH4 Scale-expanded segments of spec-

index of KRS-5 and H20 being taken as 2.4 (7) and 1.33, tra C and D ot Figur e 8

respectively. Their measurements must have been made
with the incident ang le close to the critical ang le , so that , It was of interest to determine how well spectral fea-
again, band distortions occurred . The low values of band tures of dissolved materials could be discerned in the vi-
positions reported by Katlafsky and Keller and by Ahlijah cinity of the intense water stretching hand. Consequently.
and Mooney can he attributed to such hand distortions. the incident angle was adjusted to decrease the penetra-
(10) 6 £ B Y Ahlilah . and £ F Mooney Snecfrochim Acta 22A. t ion depth to about 0.8 ~z at 3400 cm ~~. The spectra of

547 (1966) Figure S were then recorded.
( 11) L. V. Vo lod ’ ko and L T Huoah , Zh Pr ik !  Spnhtrosk 9. 644 The water stretching band (A . Figure 8). obtained at

(1968k about 50% maximum transmittance, has the same contour(12) R E Weston . Jr - and I F Brodask y. J. Chr ’,r Ph~~s 27. 683
(1957) as the hand observed by transmittance measurements by
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Thompson et al. (13). Two broad absorptions due to The results thus show that it is feasible to obtain spec-
NH4~ (8) appear on the low-wavenumber side of the OH tral information near or even at the position of one of the
band in the 3100-2600 cm ’ reg ion when NH4NO3 is dis- strong water abso rptions. It must be kept in mind , how-
solved in the water (B , Figure 8), and t hese become more ever , t hat the presence of solutes causes the water bands
prom inent when the sp ectra are solvent-comp ensated (C , to c hange in absorption , so that distortions result. Such
D, Figure 8) and then scale-expanded (Figure 9). There is , d istortions may also affect quantitative results by causing
however , some distortion of the 3050-cm - 1 band because of base lines to f luctuate . The distortions decrease in inten-
the negative OH band. The distortion decreases as the sity with decreasing solute concentration. However , be-
solute concentration is decreased , but this also decreases the cause their intensities and frequencies are a fun ction of
solute band. Consequently, as t he liqu id layer is necessarily the nature of the solute , they cannot be precisely compen-
t hin as well as dilute , t he signal-to-noise ratio decreases , sated.
With the present technique, the lowest concentrations at
w hich N-H and C-H bands (similar experiments were
made with aqueous methanol , Na citrate , etc.) wer e ob-
served were near 0.IM.

Received for review March 1, 1973. Accepted May 10,
(13) W K Thompson , W A Senior , and B A. Pethica , Nature (Lon- 1973. Support by Contract No. N00014-67-A-0467-0023
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Infrared internal reflection spectra of methanol—water mixtures
II. ‘1’. Y.tNo and M. J. D. Low *

Dt.-pai’tiiie it of (‘I i i ’tuit .’,t rv, N ’ ‘vi ’ ‘t urk I. ‘ tic . ‘ t . -~itv ,
4 W’asl t t i i g t t i i i  l’I~tci ’ . New York , x.v . iooo:t , U.~~~..\ .

( lf ec e it ’ed 1.5 Ou ’ l i l ir ’r 1973)

Abstract - - Infrari’d spt’t’tra ‘if lJ - lOU vol °~~ t i i i ’ t l i i j i i i i l - - ii a i r  iuiiXtti r i ’~ v i l e t’ i’co~~h’iI over t h e
391)0- ~~~ ~ iC rati gu lit 8 ciii ~ resoluttuit using ilit ‘rita! ‘i ‘( 1 -( ‘1.1011 t t ’ t- lniiqin’s antI t

rat Lforln shed nit i a’t t ’ i’ . Ti u~ ri’ vi i ‘ i i ’  i itt’ ‘ i i  ‘1.1111 is of the ~u it i i and m it )  ianol which x au
t ii,’uiusi’tves r”, ui it’nt a.s eiuaii~ i’s of t b ’  wat t Oil st i’ - t i - I i iuc  amid deformation band frequet ico’s.
‘ lb1 rruet i i i t io l  band f’r’ i- qtiencu’s we rt - uriaff i’cf ’t l by eluin g i ’s iii i’ iiic ’ritrittton anti cuin~ i ’ c j ! ui ’ l it  ly
thos ’ liii’ ii 1.-i can be us il for (I i i i  iii i t t  ivi’ pu~~l is ’s , but eater hands s i ’  nuld w ‘t h1’ used ti ir
prec ise det .’ rtniiiatuuitus .

I NT It ( W 1 P T 1O N

MALONE and FLot :uNov have iticasurcil i i i i i - . i t ’ r ’d internal reflection spectra of
aqueous solutions of methanol , it  I i : t t i o l  - a pit  pat t i . and i- I)ropa~ol, and reported
that Beer ’s Law concentration dependencies were obtained over ) l _ 1 l P l l o

,~~ c i i t t ~
centration r: tt tgvs , so that the tt1 i ’a~~I ir: t l ie i t ts w’mt i hI hi’ usef’ul as a ijuant i tat ive
analytical  procedure 1]. No band fi-equetii ’v cli i cii’s we re observi’il , ‘xce~ it for I he
skeletal bands of , t _ j i t ’ o i i anol .  and I lu ’s cor att ien t ed thu t ‘‘ . ..  no exp lanation lois
been derived fur the surp t ’ i s i r t g lv  liiieir rel:it ionslti ps found for these non—idea l
solutions’’ [1] . As t lte~’ pointed out for the ease of ut o ’t l t a no l—w at e r  mix t u r e s , the
absence of detectable shift s in v ibrat ional  fret 3 ! te t t i ’ i es  ovi ’r the  w j i b ’  rang e of con-
centrat.ions indicate.s h i t  th i ’t’ e were no si gnif icant  ch anges in intermolecular
bonding. However , these general observations confli ct  w i t h  earlier ones made with
ethanol—water m i x l  tires : ~zi-u ’ t- :sv i t  al., recorded t rans t tii ssio n ~i celia of ethanol—
water mixtur e s  in t hi ’ overtone region and rej i t’teil (h o l i n g  Hei r ’ s Law devia t ions
which they attr ibuted to ethanol—wat er interactions 2]. Also . ~~~1’i N K  and ~\ VCK OF F
nleasure(l near-infrared differential spectra of Sc veral situ pie alcohols in aqueous
si l t t t i u o i  and found ch anges in the 8 6 ( 1— 1 ) 2 1 1  run region which t h ’ used to derive the
apparent hydration nu i i i’  iers of th e  ~ilc In Is [3].

This d i se r e i a t iucv  was of interest to t t s  becat ise changes in solute—solvent inter-
actions an- hiert inet it. to our infrared st t~ lies of adsoi’pt ion phenomena occurring at
t i t i -  li quid—solid interface 4] . A s w’e conlemp laled using : i i lsorliates dissolved in
methanol—watcr mixtures , the methanol—water svste tit was reinvest i galed.

EX P E R I M L ~~TAL

Internal reflection techni ques were employed itsi tig a Ge prism in a suitable
attachment [4]. The incident . angle  was adj usted to g ive an equ iva len t  penetration

* ‘I,, wI nit n inqul vu ’s .slu ouli l is’ uddi’ ‘-ssed

[ l J  C. P. M A r_ O N E and I’. .‘~ . i”Loca’ iv , .‘~
‘pee 1i ,. 1. jot .In i 21, 1:161 ( 19l~’)).

[2 1 I , L. .~ / ,t:I’t- :sv . .1. ‘s .e~z.u , unil L. LE a O TU , Ac/ u  I ‘ r~ i’ . .5’7e(/ c iI i r i c . s . .1 - ‘in l’Iiys. et C/ tim .  2,
149 19.— I;).

[31 ) ‘ . 11. 5 t ’ i ’,~K 1111(1 ~T. ( ‘ . ~\‘ Yi !nwF. .1. J’/ i~~i . Chey n. 76, 1660 ( 1 9 7 2 ) .
F :- f~~. ‘I’. \~~~at ; . M. J. D. L w , i . L. lT~~t.i ,~ t , and J. F’E N ’ c , .J. (‘ i i I . L . )ID , I . t e r f i e c  .~~~‘ , 44, 249

(1973).
17.47
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depth of 085 ~em at 3300 em - ~~, Spectra having a constant resolution of S ti n -L
were recorded with a modified Digilab , Inc. Model FTS—14 Fourier transform ~; t ’ e-
trometer [5]. All single-beam spectra were obtained by summing 11;0 int et’h ’t’ o~ i’ ,t i uts .

After the cell containing the prism was installed , the samp ling compam-trnent
was flushed with dry air. The cell remained in place throughout the series of tne a s~urements so th at its transmission remained constant; small changes in e l i  ~ osi t j olt
can cause transmission changes which can affect the results  obtained when wosingle-beam spectra are ratioed, A qu eous solutions of 0, 10, 25, 50, 75 antI I Hi vol %methanol , prepared with spectral-grade absolute methanol and distilled water ,were placed into the cell or withdrawn from it by m eans of syringes anti i’el~on
tubing. Solutions of reagent-grade NaCIO4 in methanol were similarly treated.

RESULTS AND DISCUSSION
Single-beam spectra were stored , recalled , and ratioed by c o m put a t i o n  as

required , using the instrument’s digital computer. Some examples are shown inFig. I . The ratioing process is equivalent to using a dispersion spectrometer in the

~~~~~~~

“H/ ~~:
~~~~~~~~

3000 2000
ci’.’Fig. I. Sutugli ’ .bi.;i, i spectra : A : dry ccii. it: P~~’~ uni’t hiunol. C: .70 °~ uii -~ ,ui, 1

in water. 1): pit v i ’  w i t

double-beam m ode w i t h  cells of precisely the same optical quality and path leticihts
in each beam , tint s ‘‘ com pensating’’ one liquid with an otlt er . This equivaleni’~’ is
correct only when the two li quids whose spectra are rat j oed have i I ( ’t i t i c al  r efractive
indict ’s , so that  t.he equivalent penetration depths for the two li quid s are the Sant e .
In the  present case , with the ind ices of refraction at 25~ of water and methanol of1•332 and I~326 , t’es p ecti v ( ’Jy , the penetration dep ths differ by less titan ~~~~~ Also,the index m atc l t i t t g  is good , the high refractive index of the Ce prism causing any
[5] M. .1 . I). Low . ~~. .J. Couiis t : i , , and H. MAR K , in liu/~i” ,/ ,c .cpc ’/ r osnop , ( 197 1) .  ~ ‘ih i t ni byHEPPT ,E I’ .) V “. ‘ . h ( ‘o f ,  .l T ’, l p r i i lqy  Spec ! roscopy , itri ~ i Io n, England, 1971 , Inst u t i t t e  ofJ’ ’tr i , le i t tu , J, uuih ,ri . 1972: pp. 383ff.
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effects due to variation of the refractive index of the sample to be very small. At
low absorptivity the variation of the refractive index in the absorption band is
also negligible. Consequently, possible errors caused by these effects can be neglected.

The single-beam spectra of the pure liquids or solutions can be ratioed against
“air,” i ,e., against the spectrum of the empty cell , to obtain spectra such as A , B, or
C of Fig. 2 , in which the instrument function has been removed. The contour of the 

‘
3Q

i
Q~ 2000 

‘ 
1000
cn~

,

Fig. 2. Buut ioed spectra : A: water ratioed against air (the ratio of spectra D and
A of Fig. 1). B: methanol ratioed against air (tlte ratio of spectra B and A of Fig,
1). C: 50% metluanol solution ratiocd against air (the ratio of spectra C and A of
Fig. I). D: 75% methanol solution ratioed against metluanol (the ratio of the
single.bearn spectrum of a 75 % methanol solution similar to spectrum C of Fig. 1

against spectrum 13 of Fig. 1).
OH stretching band (A , Fig. 2) is like that of t-he infrared transmission spectrum of a
thin water layer report-ed by TnoIulrsoN et al , [6], who concluded that there were
t hree strongly overlapping bands at- 3625 , 3410 and 3250 cm’~~. The OH band
(A , Fig. 2) is also similar to the Raman OH band [7], but differs from that of BONN ER

and CURRY [8, 9]. The spectra of water, methanol , and water—methanol solution
[ 6 ]  %V. K. Tno~n’so~ , \V. A. SENI0p , and B. A. PETILIcA , ~\a t-ui ’c , Load. 211, 1086 (1966).
[7] W . F. Mc~ pity and H. J. BERNSTEIN , J. Phys. Chcm. 76, 1147 (1972).

~~ U. D. BONNEIt and J. D. Cuittiv , Infr a red Physics 10, 91 (1970).
[9j I30NNER and C’uinty [8] recorded differential spectra of water using two cells of nominally

0’007 mm pathlength but differing in actual patiuletugtli by 5—10%, atIci found two quite
definite t.izt iuds at 3530 and 3200 ct u r 1 (2625 and 2418 etn~ ’ witiu D20). Tlteir “effect ive
thtckness ” of liquid yielding their cliffevi’uuti :il spectra w its of the order of 0 000.i nun. i.e..
close to the r’ffi:ctive peni’tr~it ion d ’ptiu of 0 00085 mtn in the present work. However, t iue
actual tit ickru”ss of their liquid wes near 0 0)17 m m , and a single layer of it hiatt a trans
mttt.aneo close to zero near 34(11) c :iu ’1. T ue  cause of the differences in t he  011 bands is no:
known. 1’ii.sst li lv , th e  c luuuiug ’ in titi’ i’efr tue ttvo index in thue region of intense absorption
caused ch anges itt the tbairptivi’, refractive , arid re flective properties of tim thin films; or
pos.iihly, tlt i’ relat iv i lv fast scan rot ’s ust’il in regions of Itigh absorption caused some
distortion.
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(A, B, C, Fig. 2) are thus similar to those of MAi~o~E and FLOURNOY (Fi g. 2 of
reference 1), who had an attachment with a Ge—liquid interface in the samp le
beam and an identical attachment with a Ge—air interface in the reference beam [l j.

When the single-beam spectra are ratioed against those of the pure solvents,
solvent-compensated spectra such as those of Fig. 3 are obtained. Such spectra are
similar to the differential absorption spectra of Spink and Wyckoff (Fig. 1 of
reference 3), who used a cell containing solution in the sample beam and had a
matched cell containing water in the reference beam. Spectrum A shows time
difference in the OH stretching bands quite clearly, the negative band being a
measure of the greater absorption of water than of methanol. The negative OH
stretching band declined in intensity with decreasing methanol concentration, as
did the negative water deformation band in the 1700— 1600 cm— ’ region (A—E ,
Fig. 3). The stretching band changed also in contour , and the deformation band

A ~~~~~~~~~

f ~

,

.

~

cm~i ’f 
~ 

~~~~~~~~~~~~~~

fl-~ 
-

3000 2000 t O
end’

Fig. 3. Batioed spectra using svtuter as reference: A: pure methanol. B: 75%
methanol. C: 50 %methanol. D: 23%niethanol. E: lO%niethanol. Ineachcase,
the reference spectrum si-as titat of putt’ wate r; e.g., spectrum A is tire result of

the ratio of spectra B and D of Fig. 1.

shifted in frequency, being at 1640 cm-1 for pure ~vat-er , 10% and 25% methanol
solutions, near 1650 cm—1 for 50% methanol solution, and near 1660 cm— ’ for
75% methanol solution. Such changes can be clearly seen in scale-expanded segments
of spectra such as Fig. 4. However, the 1460 cm ” OH deformation band of methanol
did not shift , and there were no changes in the positions of the other methanol
bands, when the methanol concentration was varied.

The changes in the negative OH stretching band merel indicate the net changes
in absorption; both the absorption eanse l by water and the absorption caused by

L 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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I

‘TOO 600 cni

Fig. 4. Water deformation bands: Scale-ex panded segments of spectra of water
(A ) and of 50% methanol solution (B). The spectrum of methanol was used
as reference . The ordinates were expanded so that the two bands had the same

intensities.

the methanol hydroxyls might change. However, the change in frequency of the
water deformation band (which implies that some change occurred in the inter-
molecular bonding of’ the water), and the constancy of the frequency of the methanol
hydroxyl deformation band (which implies that the strength of the intermolecular
bonding was not affected), suggest that the changes of the contour oft-he negative OH
stretching band were brought about mainly by changes of the absorption of the
water component of the solutions. If the contour of the methanol band is unaffected ,
it would be more appropriate to compare the spectra of solutions wit-h the spectrum
of pure methanol, as in trace D of Fig. 2 , which shows the OH stretching absorption
as a pair of positive bands. In contrast , Malone and Flournoy obtained the intensities
of the water OH and methanol OH absorptions (both were taken to occur at
3350 cm ’) by a simple subtraction procedure ; for each wavelength , the absorbance

‘ due to water was subtracted from the total to give that due to methanol alone.
Scale-expanded segments showing the OH stretching regions of spectra such

as D of Fig. 2 are collected in Fig. 5. The segments were scale-expanded to identical
maximum and minimum ordinate values in order to bring out the changes in band
contours more clearly. There were slight differences among the spectra of the 0,
10 and 25% solutions, and somewhat larger changes with the 50 and 75~ -~ solution s,

The present results thus show that- interactions between water and methanol
(lid not affect the methanol bands , so that  these can be used for quanti tat ive
purposes, but that the water stretching and deformation bands were changed , so
that these should not be used. It seems probable that similar effects would occur
with other alcohol—water mixtures.

_ _  -- -
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_

3700 ‘ ‘ 32OO cri~’

Fig. 5. Spectra of methanol solutions : The concentration of methanol was: A , 0;
B, 10; C, 25; D, 50; E, 75 voh.%. The spectrum of pure methanol was used as

reference.

Glew has been able to measure the infrared spectra of dilute water in various
solvents. With concentrated water, however, the intense absorption of water and
the overlapping of the bands of water and solvent made the observations and
interpretations difficult [10]. It seems worth noting that the present techniques
enable water to be examined at any concentration.
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