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ABSTRACT 

The infrared lpectrum of H2o in dilute lolution in each of two non­

polar 1olvent1, carbon tetrachloride and carbon di1ulfide, wa1 obtained 

employing a Perkin-Elmer double beam 1pectrophotometer Model 1221 with 

NaCl priam-grating interchange. The five-centimeter-pathlength ~iquid 

ab1orption cell deligned for containing the eample1 i1 de1cribed, a1 are 

the •arioua attempt• to dry each 1olvent. Al1o discuaaed i1 a detailed 

.. thod for preparing a correction curve for thil spectrophotometer. 

The a1ymmetric 1tretching vibration for the i1olated H2o molecule 

in carbon tetrachloride, 1/3, wa1 found at 3705 em·1 ; the symmetric 

ltretching vibration, t/1 , wa1 ob1erved at 3613 cm·1 . In carbon di1ulfide 

tbe1e values were 3695 and 3603 em·1 re1pectively. An unsucce11ful 

attempt wa1 made to locate the bending vibration, Z/2 , of the ilolated 

~0 molecule. 

Two band1 of lea1er inten1ity were obtained at about 3800 and 3540 

cm·l by graphical 1eparatlon of the ab1orption 1pectrum, and po11ible 

explanation• for the1e band1 were propo1ed. 

The writer wi1he1 to expre1s his appreciation for the a1si1tance 

and encouragement given bLm by Profe11or John W. Schultz of the United 

State• Naval Poltgraduate School in thil inve1tigation. 
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INTRODUCTION 

a. HYDROXY BODIES IN DILUTE SOLUTION IN NON-POLAR SOLVENTS 

ln paat yeara much information haa been accumulated concerning the 

infrared abaorption of hydroxy bodiea in the region 2.5 to 3.s;u . 
1 Errera and Mollet , in working with liquid aliphatic alcohols, attributed 

a large and intenae band at 2.9~ to a fundamental hydroxyl vibration. 

With dilute aolutiona of the aame alcohola in inert non-polar aolventa, 

thia large band diaappeared completely whereas a new and well defined 

peak, the intensity of which increaaed with dilution, appeared at 2.76 ~· 

Thia latter band was propoaed aa the hydroxyl vibration in the iaolated 

alcohol molecule. 

D•viea and Sutherland2 obtained aimilar reaulta in their atudy of 

varioua carboxylic acida. They diacovered a broad band at 3.0~, which 

vaniahed on dilution, and a narrow, well defined band at 2.83yvwhich 

formed in the dilute aolutiona of the carboxylic acid in a non-polar 

aolvent. 

Theae findings were explained on the baeia of the aaaociation of 

3 4 
the solute molecules. ' With dilution, the relative number of mono-

molecules increases, thereby causing an increase in the intenaity of the 

narrow peak which haa been auggeated as being the hydroxyl vibration of 

the iaolated aolute molecule. On the othen band, the large band that 

disappears on dilution ia due to intermolecular actiona (e.g., the 

hydrogen atom of one molecule vibrating with the oxygen atom of another.) 

Thia ia a aimplified example of a hydrogen bond, a subject which in 

itaelf haa been thoroughly inveatigated over the paat two decades. 

Fox and Martin5 studied dilute aolutiona of phenol in carbon 

1 



tetrachloride and observed the aame general behavior aa had the previoua 

workers. They determined the characteristic hydroxyl vibration of the 

isolated phenol molecule to be 2.769~. Further, they showed that at 

slightly higher concentrations tbia band ia affected to aome extent by 

the overlap of the broad association band, the center of which waa 

found at 2.9S;V· This latter band intensified, •• in tbe aleohola and 

carboxylic acids, when the concentration increased and approached 

aaturation. 

Fox and Martin alao discovered that the ratio of the optical density 

( d • log
10 

I 0 /I ) for any given concentration to the optical denaity , of 

the moat dilute aolution studied waa nearly a constant over the spectrum 

range of the band of the hydroxyl vibration in the isolated solute 

molecules. By gathering data of thia sort for a aeries of concentrations 

they showed that aa the concentration increased, the number of molecules 

which are linked to produce the association band alao increased, thua 

providing further proof that the intensity of thia broad, intense 

association band waa proportional to the number of polymeric or "linked" 

solute molecules. 

In summary, it baa been deterained that the monomeric form of the 

solute gives a aeries of sharp absorption banda corresponding to ~be 

fundamental and overtone frequencies of the hydroxyl bond. At higher 

concentrations the molecules interfere with each other and modify the 

nature of tbeae 0-H vibrations. This polymeric form produces very 

broad ~baorption banda which are consistently found to the long wave­

length aide of the related sharp monomeric onea. 

2 



b. WATER: A SPECIAL CASE 

Water, aa a a~ple hydroxy body, baa been thoroughly inveatigated 

by many workera. Ita interpretation however ia far from complete in 

many regiona. Plyler and Sleator6 have diacovered vibration-rotation 

banda of water vapor in the infrared of which those at 6.2~ ( 1595 em 

and 2.6~ ( 3756 c:m-1 ) have been claaaified aa fundamental. The 

former waa deaignated a a v2. the bending vibration frequency, and the 

latter waa deaignated I/
3

, the aaymmetrical atretching frequency. The 

aymmetrical atretching vibration frequency, 111 , baa not been directly 

obaerved in the infrared apectrum of water vapor. However Bender7 and 

Johnaton and Walkel have located thia vibration band in the Raman 

apectrum at 2.7~ ( 3654 em·l ). 

The liquid atate ia a quaai-cryatalline atate where the molecule• 

-1 

undergo rotational oacillationa and, under certain conditiona, rotate 

freely. Debye9 baa ahown, ho~ever, that in liquid water the condition• 

for free rotation are not met. Large lattice interaction• occur to 

prevent it, and theae broaden and ahift the centera of the liquid 

abaorption banda in the infrared and produce the diffuae Raman banda 

which are ao characteriatic of liquid water. 

It haa been determined by Kinaey and Ellia10 that these inter-

actiona can be greatly reduced by diaaolving water in auitable non-

polar aolventa. In auch aolventa the infrared abaorption banda abarpen 

and ahift back toward their vapor poaitiona. 
., 

carbon diaulfide waa choaen aa the aolvent by Kinaey' and Ellia 

beeauae of the relatively high solubility of water in it and becauae of 

ita fr~edom from obacuring banda of ita own in the region concerned. 

3 
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Utilizing a Hilgar rockaalt apectrometer with a alit width of 0.04;U 

theae inveatigatorl obtained 2.65~( 3770 cm·1 ) and 2.8~(3570 cm·1) 

aa the two atretching vibration banda for monomeric ~0 in dilute 

aolution in carbon diaulfide. 

Borat, Bu~ell and Rodebuah11 made li~lar atudiea uaing carbon 

tetrachloride &I the aolvent. They maintained that there waa no 

t.mediate correlation between the water vapor apectrum and the apectrum 

of the iaolated water molecule in the non-polar aolvent. However, in 

comparing the two abaorption peaka that they found for the water .olecule 

-1 in aolution, 3702 and 3611 em , to the fundamental frequenciea of the 

atretching banda already determined for water in the vapor atate, 3756 

and 3654 cm-1 , they obaerved that, if they aaaigned the 3611 cm·1 band 

to~. then there wa1 a 1hift of roughly the aame magnitude from l/1 

and ~ in the vapor atate to -z; and "V3 in aolution. Since the 

aymmetrical atretching vibration had not previoualy been obaerved in the 

infrared, Borlt et. al. made thia aaaigament 1olely on the atrength of 

thia comparable frequency ahift. 

Fox and Martin12 continued the atudy of water in dilute aolutionl 

in carbon tetrachloride. They likewiae found two diatinct banda which 

they aaaigned as the atretching vibrationl 7/ and 11 of 3705 and 3614 cm·1 
1 3 

reapectively. Thia waa in excellent agreement with the reaulta of 

Borat et. al. 

All of theae iaveatigatora working with dilute lolutiona of water . 
in non-polar aolventa employed grating type lpectrometera. Fox and 

13 
Martin used an echelette grating in conjunction with a rockaalt 

pri~ apectrometer, thermopile and galvanometer ayatem. With this 

inatrumentation, it waa poaaible to obtain the fine atructure of linea 
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le11 than 2 cm·1 apart. Thia wa1 a very laborioua procedure however; 

it required aettina up the inatru.ent for a certain wavelength, inaert­
·~ 

ing the aolvent cell and taking a reading, inaerting the ~ple cell 

and taking a reading, reaetting the inatrument for the next wavelength 

to be atudied and repeating the entire procedure. The reaultant 

apectrum for a given aample concentration wa1 aLmply a aeriea of points, 

one for each wavelength observed. Thua, the more wavelength• atudied, 

the more pointl were obtained and therefore the more complete waa the 

reaulting apectrua. 

Reviewing the work of all theae inveatigatora, it ia found that 

by diaaolving water in a non-polar aolvent, the lattice interaction• 

that reatrict free rotation of the H2o molecule are reduced. AI a 

reault, atretching vibration banda in the dilute aolution comparable to 

thoae in the water vapor atate have been determined. The aymmetrical 

atretching vibration, 11 , which waa a atrong band in the Raman 
1 

apectrum il, aa expected, much weaker in the infrared than ia the anti-

aymmetric atretching vibration band,~· 

Alao, the broad absorption band, characteriatic of the hydroxyl 

vibration in aaaociated compounda, waa found to be abaent in theae 

dilute aolutiona. Theae obaervationa all ahov that water in dilute 

aolution in carbon tetrachloride ( or carbon diaulfide ) il monomeric. 

s 



EXPERIMENTAL PROCEDURE 

a. CORRECTION CURVE 

A correction curve waa prepared for the Perkin-Elmer double 

beam apectrophotometer Model #221 with NaCl priam-grating interchange. 

The curve waa draWn from meaaurementa of infrared apectra of various 

aubatancea whoae abaorption banda have previoualy been directly and 

accurately determined by two Perkin-Elmer Model 12C apectrometers, one 

14 
of which waa converted to double-paaa operation. 

All the apectra were obtained without removing the NaCl priam 

fr011 the inatrument. Each apectrum waa run at leaat three timea and 

the reaulta were averaged. Sharp linea were reproducible to better 

than one-half small counter diviaion ( 0.5 cm·1 ), but the reproduci-

bility of the broad peak• waa not aa good, therefore requiring more 

runa. 

(1) Water and carbon dioxide banda ( 3900-3560, 1990-1360 and 

720-650 cm·l ) were obtained from atmoapheric abaorption. For theae 

runa the inatrument waa placed in aingle beam operation. A teat aignal 

of 0.03 millivolt• waa eaployed. 

(2) The carbon monoxide band ( 2220-2040 cm·1 ) waa obtained 

uaing experimentally prepared carbon monoxide. One milliliter of 

formic acid and three milliliter• of reaaent arade thirty-aix normal 

aulfuric acid were placed in a round-bottomed flaak and heated. The 
' . 

evolved carbon monoxide gaa waa tranaferred through a vacuum ayatea to 

aten-ceut~eter-pathlength gas abaorption cell that had previoualy been 

evacuated. The atopcock on the cell waa secured with the entrapped 

carbon monoxide s•• under fifteen centimeter• preaaure. 
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The windowa of the aaa abaorption cell were potaaaiua bra.ide. 

Theae windowa were joined to the glaaa cell by a fifty-fifty (by we i ght ) 

mixture of beeawax and roain at a temperature of 120° C. 

(3) The hydrogen chloride band ( 3060-2725 cm-l ) waa obtained 

uaing HCl vapor in the ten-centimeter-path-length cell. One hundred 

fifty millilitera of reagent grade 12.1 normal hydrochloric acid were 

placed in a two-hundred-fifty milliliter glaaa-atoppered bottle and 

were well ahaken. The gaa abaorption cell waa evacuated and ita 

atopcock aecured. Ita entrance tube waa then inaerted into the glaaa­

atoppered bottle, the atopcock opened to draw the HCl vapor into the 

cell and then aecured again. The aample waa thua under atmoapheric 

preaaure throughout the runa. 

(4) The hydrogen bromide band ( 2675-2410 cm-l ) waa obtained 

uaing experimentally prepared HBr. Fifteen gr~ of potaaaium bromide 

waa placed in a three-necked reaction flaak. Reagent grade thirty-aix 

normal aulfuric acid waa added dropwiae from a dropping funnel. The 

HBr foraed waa then tranaferred through the vacuum ayatem to the ten­

cent~eter-pathlength a•• abaorption cell that had previoualy been 

evacuated. The HBr vapor waa gathered in the cell under twenty-five 

centimeter• preaaure. 

(5) The ammonia banda ( 3510-3170 and 1230·720 cm-1 ) were 

obtained using experimentally prepared ammonia. Ten gram. of ammonium 

chloride were placed in a three-necked reaction flaak and reagent grade 

501 aodiua hydroxide aolution waa added dropwiae from a dropping funnel. 

The NH3 gaa formed waa tranaferred through the vacuum ayatem and 

aathered in the gaa abaorption cell under twenty centimeters preasure. 

7 



(6) The methane banda ( 3170-2880 and 1360-1250 cm-1 ) were 

obtained uaing experimentally prepared aethane. Anhydrou1 aodium 

acetate waa fuaed with aodium hydroxide in the preacence of calcium 

oxide ( lime ) in a three-necked reaction flaak and the evolved ca 4 

aaa waa tranaferred through the vacuum ayatem and gathered in the gaa 

abaorption cell under twenty centLmetera preaaure. 

All chemical• uaed in thea~ preparation• were Baker'• Analyzed 

( General Chemical Diviaion of the Allied Chemical and Dye Corporation ) 

except for the potaaaium broaide which waa an E and A ~eated Purity 

Reagent from the Fiaher Scientific eo.pany. Kel-F waa utilized aa 

atopcock greaae and on all ground glaaa'fittinga of the vacuum ayatem. 

In obtaining the varioua apectra, a drum apeed of 0.49 cm·1 I aec, 

a alit program of 920, a gain of 6.0, an attenuator apeed of 11:00 and 

a acale of S wave numbera per centimeter of chart paper were normally 

employed. Variation• in drum apeed, gain and alit program were uaed 

in an attempt to obtain better reproducibility of the broad peaka. 

The apectra obtained were compared with calibration tracea previously 

determined from the Perkin-Elmer Model 12Ca. The preaaure under which 

a aample waa collected waa determined aolely to allow direct compariaon 

with theae calibration tracea. Diacrepanciea between the experimental-

ly determined apectra and the calibration tracea were tabulated for 

each abaorption band of each aample atudied. From thethree or more 

runa of each aample, the diacrepanciea for a given peak were averaged, 

and thia averase value plotted veraua the wave number of the abaorption 

band aa a correction factor (e.g., that amount neceaaary to be added 

or aubtracted to the abaorption band wave number determined by the 

inatrument to produce the correct wave number of the band. ) In thia 
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manner, a 8m0oth correction curve ( Figure 1) waa plotted over the 

infrared reaion ( 3900-650 cm-l ). 

b. INFRARED ABSORPTION OF WATER DISSOLVED IN CARBON TETRACHLORIDE 

(1) Deacription of Apparatua - The infrared apectra of water 

diaaolved in carbon tetrachloride were obtained utilizing the Perkin-

Elmer double beam apectrophotometer Model #221 with NaCl pri~-grating 

interchange. Two identical liquid abaorption cella were apecially 

deaigned for uae in theae experimenta. The body of each cell waa a 

atainleaa ateel cylinder, five centtmetera in length and 3.81 centi-

aetera in internal diameter. The end platea were ailver chloride 

cryatala, 6.35 mill~etera thick. Silver chloride windowa were chosen 

aince their abaorption in the infrared region ia nealigible and aince 

they would not react with the contained liquid aamplea. Fluorocarbon 
'I, 

rubber ( Viton-A ) 0-ringa joined the ailver chloride windows to the 

cylinder. Completing the cell were aluminum waahera aeparated from the 

outer face of the windowa by neoprene gaakets. Theae gaaketa were 

neceaaary to prevent any reaction between the aluminum and the ailver 

chloride. Each waaher waa fitted with four one-eighth diameter holea 

through which threaded roda were placed. Each cell waa then made 
' ~ 

leak-proof by tightenin& down nuta on both enda of the threaded roda. 

Figure 2 givea a detailed deacription of thia five-centtmeter-path-

length liquid abaorption cell. 

A hole of one-quarter inch internal diameter waa drilled in the 

aide of each cylinder and provided with a threaded inlet tube, alao 

of atainleaa ate~ which waa tin aoldered to the exterior of the 

cylinder. A atainleaa ateel cap fitted with a teflon gasket waa 

9 



+ 5-

T t4-

~ +3-

ts 

+ 4 

~ ~ 
+ 3 

(_) --+2-1 
z +1-
0 

0 - 0-r-

+ 2 

II 

' 
(_) w _,_ 

+ I 

........._/I 
~ 

ct:: 
ct:: -2-

0 F 

I 
............_ 

0 
(_) - 3--

/ -I 

I 
/ 

-2 

I 
- 3 

1-4- 1 1 1 1 1 VY - 4 1 
8-5-- 0 0 0 0 0 -s 0 

10 0 10 0 ~ 10 

~ .... .... "' "' 
FREQUENCY ( C M _,) 

F; gure 1. Cor-ee I hn curve for I he Perk; n-E I r .er JoL b I e beam 

spect-ophotometer A'odel ?71 w;tt .. aCI prhr-grat ; ng ;"lerctoange . 



TOP 

SIDE 

I ____ ............ ___ _ 

--1~~ 

_l 

I I 

FRONT 

FIGURE 2 
5 CENTIMETER 

PATH LENGTH 
ABSORPTION 

CELL 



threaded onto the inlet tube. 

One five-centimeter-pathlength cell waa placed in the reference 

beam of the apectrophotometer. Thia cell waa completely filled with 

dry carbon tetrachloride (e.g., no water present in the sample). 

The other cell wa1 placed in the sample beam and was completely filled 

with carbon tetrachloride to which varioua minute portions of water 

were added. 

-1, In obtaining the varioua spectra, drum apeeds of 2.5 and 1.3 em 

aec., a alit program of 927, a gain of 5.0, an attenuator speed of 11:00 

and a 1cale of 12.5 wave numbers per centimeter of chart paper were 

employed. 

(2) Preparation of the Sample - Initially, infrared spectra of 

reagent grade carbon tetrachloride were taken, both in the five-

centimeter-pathlength cell juat described and in a five-millimeter 

IR-tran cell, to determine ita water content, if any. Pronounced 

-1 absorption peaka at 3705 and 3613 em (the atretching frequencies of 

the a
2
o molecule diaaolved in carbon tetrachloride ) gave indication of 

the preaence of water in the reagent grade carbon tetrachloride. 

From theae same runa it waa determined that it would be highly 

improbable to utilize carbon tetrachloride aa a aolvent for inveatigation 

of the bending frequency of the H20 molecule aince even in the ahort 

five-millimeter-pathlength cell the reaaent grade carbon tetrachloride 

-1 
abaorbed completely in thia region ( 1700-1550 em ). 

To inveatigate the atretching frequenciea of water disaolved in 

carbon tetrachloride, it waa first neceasary to deviae a method to dry 

the aolvent. Clifford, 15 in treating the quantitative aapect of water 

disaolved in carbon tetrachloride, bubbled air dried with calcium 

chloride into the aaturated carbon tetrachloride and absorbed the 

12 



moiature carried off by the air in a calcium chloride filled abaorption 

tube. 
12 Fox and Martin aubatituted pboaphorua pentoxide for the 

calcium chloride drying agent and uaed an air bubbler incorporati ng a 

aintered glaas filter. Thua by paaaing dry air through the aaturated 

aolvent for a given tLme and by determining the weight of the abaorption 

tube both before and after the air paaaage, the amount of water removed 

from the carbon tetrachloride waa calculated from thia weight diffe~ence. 

In the preaent work, aince the quantitative aapect ia of minor 

importance, it waa unneceasary to employ the abaorption tube to collect 

the moiature re.aved from the carbon tetrachloride. 

A method aimilar to that of Clifford waa attempted firat. Air waa 

paaaed through a drying tower packed with calcium chloride and then 

through a bubbler incorporating a aintered glaaa filter. The filter 

waa UDmeraed in the reaaent grade carbon tetrachloride .ample which waa 

placed in a two hundred fifty milliliter aeparatory funnel equipped 

with a teflon atopcock. The 11 dried " aample was tranaferred directly 

from the aeparatory funnel to the five-centLaeter-pathlength cell 

without expoaure to the atmoaphere. Varioua amounta of carbon tetra-

chloride (fifty, one hundred and two hundred milliliter aamplea ) and 

various drying timea ( five minutea to three houra ) were tried but, 

although the abaorption peaka diminiahed aomewhat, in no inatance waa 

all the water removed from the aolvent. 

Then, a diatillation of the reagent grade carbon tetrachloride was 

attempted. A vertical diatillation tower packed with glaaa helicea 

waa employed, and a middle cut of the diatilled carbon tetrachloride 

waa examined. Still the pronounced ab1orption peaks were preaent. 

13 



Next, twenty gram. of anhydrous sodium aulfite were added to two 
r 

hundred milliliters of reagent grade carbon tetrachloride in a glaaa-

stoppered bottle. This mixture was placed on the electric shaking 

.. chine for one hour and then allowed to atand for one-half hour so 

that the sodium aulfite had sufficient time to settle to the bottom of 

the bottle. The carbon tetrachloride was then transferred to the five-

centLmeter-pathlength cell by means of a fifty milliliter pipette. The 

resulting spectrum taken of the aample showed hardly any ,~iminution of 
~ 

the ~0 ab~rption peaks. S~ilar runs were made employing fifty and 

one hundred grama of sodium aulfite and increasing the shaking time to 

three hours. Still the water remained. 

Anhydrous sodiua aulfate was the next drying agent tried. The 

same amounts of drying agent and the aame shaking times were employed 

in the sodium sulfate runs as were used with., sodium sulfite. Likewise 

the reaults were aimilar, as in every instance some water remained in 

the solvent. 

Phosphorus pentoxide, the drying agent employed successfully by 

Fox and Martin, was the third drying agent used in the present work. 

After trials with various amounts of P2o5 and of varioua shaking times 

it was discovered that adding thirty gT~ of the drying agent to two 

hundred milliliters of.carbon tetrachloride in a glass-stoppered bottle 

and shaking the mixture for four hours effectively removed all the water 

from the reagent grade carbon tetrachloride. 

When the bottle was taken off the shaker it was allowed to stand 

for one-half hour so that the phosphorus pentoxide would settle out. 

The aluainum foil and masking tape with which the glass stopper was 

secured to the bottle during ahaking was then cut away and the glass 

stopper was 

14 



looaened. When the atopper waa removed, a fifty milliliter pipette 

waa quickly inaerted into the carbon tetrachloride layer and the dry 

aolvent waa tranaferred to the five-centimeter-pathlength cell. The 

fifty milliliter pipette waa equipped with a auction bulb with which to 

draw the aample into the pipette and to releaae it into the abaorption 

cell. Actually aince the volume of the cell waa 58.9 cubic centimeter• 
r 

( experimentally determined from weight difference of empty cell and 

cell filled with water ), it waa neceaaary to pipette twice. Between 

the two tranafera the eap waa placed on the cell and the glaaa atopper 

waa placed on the bottle to min~ize any effect of atmoapheric 

abaorption. 

Both five-centLmeter-pathlength cella were filled in thia manner. 

The infrared apectrum of each aample waa ,~btained utilizing a cardboard 
~ 

abutter in the reference beam in order to provide an expanded percent 

tranamiaaion aeale. Both aamplea were perfectly dry. 

The next atep waa to add varioua amount• of water to one of the 

cella and to examine the change in the infrared apectrum of the aample. 

Since water ia only very alightly soluble in carbon tetrachloride, 0.0084~ 

16 ' 15 at 20°C and 0.0134 at 28.S~C, micropipette• were uaed to add the 

minute portiona of freahly diatilled water to the dry aolvent. 

The diatilled water waa placed in a twenty five milliliter 

volumetric flaak. A five lambda micropipette, joined to a hypodermic 

ayringe by a aingle-holed 00 rubber atopper, was inaerted into the 

water, and five lambda ( 0.005 cc ) of the liquid were tranJferred to 

the five-centiaeter-pathlength cell containing the dry carbon tetra­

chloride. The cap waa replaced on the cell aa tightly aa poaaible and 

the cell waa shaken for approximately five minutes and then allowed to 
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remain at room temperature for at leaat four houri . It wa a determined 

in trial runa that thia four hour waiting period waa neceasary to enaure 

conaiatent reaulta on the var i ous apectra taken for a given amount of 

water in the sample. When a run was made immediately upon shaking and 
~ 

another ewo houra later, the latter apectrum invariably exhibited more 

pronounced abaorption peaka. Thia apparent increaae in the amount of 

water in aolution ia due to the time involved for the aample of water 

to diaaolve in the carbon tetrachloride (e.g., immediately upon 

ahaking very little of the water baa aone into aolution whereaa after 

three houra pre~bly all the water baa diaaolved. ) A run made four 

houra after abaking and one made a day later aave identical reaulta. 

Thia aame procedure waa followed for water aamplea of five, ten 

and fifteen lambda. Alao runa of one, two and three lambda were F 

attempted by interpolating along the five lambda pipette. The accuracy 

of thia interpolation ia queationable eapecially due to the tapered bore ' 

of the micropipette. Reference to Figurea 3 and 5 ahows the increasing 

intenaity of the abaorption peaka with the increaaing amounta of water 

in the dry carbon tetrachloride. Curve (a) of Figure 3 ia the apectrum 

of dry carbon tetrachloride. Curvea (b), (c), (d) and (e) correspond 

'· 
to two, five, ten and fifteen lambda of water diaaolved in the aolvent. 

For the amount of carbon tetrachloride in the five-centimeter-

pathlength abaorption cell, at a temperature of 28.5° C., fifteen 

lambda of water corresponds to 0.016 grama of water per 100 grams of 

carbon tetrachloride. Thia exceeds aaturation aa determined by 
15 

Clifford by twenty-three percent. Since the objective o f the present 
.ti 

work waa not primarily quantitative, the varioua concentrations are 

16 
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liated in Figurea 3 and S aa approximate valuea. 

A further explanation of the apparent greater aolubility of 

water in carbon tetrachloride determined in thia work from the valuea 

obtained by previoua authorl il the poaaibility that aome of the 

phoaphorua pentoxide drying agent waa introduced into the abaorption 

cell along with the dry aolvent. Thua a portion of each water lample 

added could have been abaorbed by the drying agent in the abaorption 

cell, reaulting in a greater amount of water neceaaary to be added to 

achieve aaturation. 

Figure 3 il the apectrum actually obtained for a given concentration 

from the apectrophotometer. Figure 5 ia limply another representation 

of the aama data, where optical denaity inatead of percent abaorption 

ia utilized aa the ordinate. Optical denaity baa already been defined 

aa log I 0 /I where 10 ia the radiation tran~itted by the cell contain-

ing the dry eolvent and I il the amount tran~itted by the sample cell. 

At leaat once a day throughout theae experi~nta, the cell 

containing the dry carbon tetrachloride waa placed in the aample beam, 

the cardboard abutter waa placed in the reference beam and a apectrum 

taken to dete~ine whether or not the aample bad abaorbed any water. In 

all caaea, the reaulta were negative. 

In order to compare the abaorption of water in carbon tetrachloride 

with water aa vapor, the infrared apectrum of water vapor waa obtained 

-1 over the aame region ( 3900-3200 em ) by employing the inatrument 

in lingle beam operation and by uaing a teat aignal of 0.03 millivolta. 

'( Figure 4 ) the individual peaka of the vapor epectrum compare well with 

the meaaure.enta of Plyler and Sleator. 6 
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c. INFRARED ABSORPTION OF WATER DISSOLVED IN CARBON DISULFIDE 

The same apparatus was used for the carbon disulfide phaae of 

the experiment• as waa employed for the carbon tetrachloride phase. The 

procedure followed waa likewise the same with two exceptions. 

Firat, it waa imposaible to completely rid the reagent grade 

carbon diaulfide of all the water present. The air bubbler technique, 

aodium aulfite and aodium sulfate drying agents were tried and all failed. 

Finally two hundred fifty gra~ of phoaphorus pentoxide were added to 

five hundred milliliter• of carbon diaulfide in a glaas·atoppered bottle 

and shaken for five houra. It waa neceaaary to uae auch large amounts 

because, after the phosphorus pentoxide aettled to the bottom, it waa 

posaible to pipette only about seventy five milliliter• of the carbon 

disulfide into the absorption cell without drawing some of the phoaphorua 

pentoxide into the pipette. With leaser amounta of the P2o5 it was 

iapoaaible to dry sufficiently the five hundred milliliter• of aolvent; 

yet if both the amounta of drying agent and solvent were reduced, auch a 

... 11 layer of aolvent formed on top of the P2o5 that it waa extremely 

difficult to transfer the aolvent without also pipetting aome of the 

drying agent. 

An unexplained phenoaenon in the carbon diaulfide experiaenta waa 

the appearance of a pink color that enveloped the phoaphorua pentoxide 

that settled to the bottom of the ahaking bottle. The development of 

this color waa of a gradual nature, starting in the fourth hour of 

ahaking. It waa propoaed that a reaction was occurring between the 
~ 

phoaphorua pentoxide and the water in the carbon diaulfide producing 

some phosphoric acid. However since the infrared spectra of the reagent 

grade carbon diaulfide and the carbon diaulfide "dried" by air bubbling, 
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aodium aulfite and aodium aulfate produced the aame abaorpti on peaka 

aa the aample dried with the phoaphorua pentoxide, it ae~ t hat the 

reaction that took place did not interfere with the apectrum i n the 
~ 

infrared region. The apectrua of thia aample of two hundred flft y 

gram• of P
2
o

5 
and five hundred milliliter• of carbon diaulfide ahowed 

juat the llighteat trace of an abaorption peak at 3695 cm-1. 

The aecond exception to the carbon tetrachloride runa waa the 

0 10 
1olubility of water in carbon diaulfide, 0.104 at 25 C. Thia waa 

approximately ten tt.e• the aolubility of water in carbon tetrachloride, 

thereby allowing larger portion• of water to be utilized. Five, ten, 

fifteen, twenty, twenty-five, thirty-five, fifty and aeventy-five laabda 

aamplea were examined. Figure 6 exhibit• the increaaing intenaitiel of 

the abaorption peaka with increaaing amount• of water. Curve (a) of 

thia fiaure correapondl to aeventy-five lambda of water diaaolved in 

carbon diaulfide. CUrvea (b), (c) and (d) correapond to thirty-five, 

fifteen and ten lambda of water reapectively. 
' 

Compariaon of Figure• 5 and 6 1how1 that the two atretching 

frequenciea of the H2o molecule in carbon tetrachloride of 3705 and 

3613 cm-1 are diaplaced to 3695 and 3603 cm·l when carbon diaulfide ia 

the aolvent. 

d. INVESTIGATION OF THE BEtiDING REGION 

The improbability of uaing either reagent grade carbon tetrachloride 

or carbon diaulfide aa a aolvent in the inveltigation of the bending 

region of the H2o molecule, even with a cell having ao abort a path­

length a1 five mill~eterl, waa previoully determined. Therefore a 

aborter pathlength cell waa uaed with the dry aolventa. 
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Experimenta were conducted uaing (a) a one-millimeter-pathlength 

cell filled with dry carbon disulfide in the aaaple beam, and the card-

board abutter in the reference beam, and (b) the aame cell filled with 

aaturated carbon diaulfide in the aa.ple beam and the abutter in the 

reference beam. From theae runa it waa found that the carbon diaulfide 

totally abaorba in the bending region even at thia very abort pathlength . 

Thua it is unusable aa a aolvent in thia region. 

The aame procedure waa followed for carbon tetrachloride. Absorption 

waa leaa than ten percent for both the dry and the aaturated carbon 

tetrachloride over the range 3900-1750 cm-1 except for a characteristic 

carbon tetrachloride band at 2300 cm-1 . 
-1 

At 1750 em a gradual increaae 

in absorption occurred, approaching total abaorption at 1580 cm-l Thia 

indicated a alight poaaibility of examining the bending frequency with 

carbon tetrachloride aa the solvent. 

The saturated carbon tetrachloride in the one-mill~eter-path-

length cell waa placed in the aample beam and a variable-pathlensth cell 

waa filled with dry carbon tetrachloride and waa placed in the reference 

beam. The inatrument gain waa increaaed to 8.5, the alit program waa 

varied and a vertical expanaion of lOX waa employed in an attempt to 

tune the apectrophotometer to i~a peak performance level. 

Howver, due to the relative weakneaa of the bending frequency aa 

compared to the atretching banda, the at.oapheric abaorption in the 

bending region and the fact that thia reglon waa ~ttuated on the edge 

of total carbon tetrachloride abaorption, it waa impoaaible to locate 

the bending vibration band of the iaolated H2o molecule. 
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RESULTS AND DISCUSSION 

The H
2
o molecule ie a planar aaaymetric top molecule. It h~l a plane 

of aymme try ~ and, by reflection at thic plane the 0 atom on one aide i1 

tranaformed into the 0 atom on the other aide. Also, the line bi•ecting 

the 0- H-0 angle ia a two-fold Axia. In other worda, a rotation of 180° 

around thi1 axi l tranofo~ the molecule into itaelf. The two 0-H di•tanceo 

are equa1. 17 

For H2o the two 0-H ltretching frequencies of nearly the aame magni-

tude, one aymmetric and one antiaymmetric, and a bending frequency of much 

smaller magnitude are expected. Theae three modea of vibration are depicted 

i n Figure 7. 

1 t 

/ 

Figure 7. Model of vibration of the iaolated water molecule 

For dilute lolutiona of water in carbon tetrachloride two abaorption 

banda were found at 3705 and 3613 cm-1. With carbon diaulfide aa the oolvent, 

the obaerved peaka were 3695 and 3603 cm-1. The valuea obtained for the 

carbon tetrachloride phaae were in excellent agreement with the valuea 

determined by Fox and Martin12 and by Borat et. a1. 11 The abaorption banda 

found for the carbon diaulfide ph&ee aleo agreed with the valuea of Fox and 

Martin but they did not compare favorably with the value~ of Kinoey and Elli§ 

for thi1 aolvent. 

The two abaorption banda determined with each 1olvent have been aa&igned 

ac 1Y3 and l/ 1 reapectively by tbeae previoua workera. Thic i~ a rea;onable 

a11ignment aince the percentage frequency ahiftl of 1/3 and l/1 

from their poaitione in the vapor apectrum are 
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practically the aame. Thia is to be expect~d aince any alteration in 

the force conatanta of the 0-H bond by the aolvent molecule• will affect 

the frequenciea equally to a firat approximation. 

The frequency ahift of a hydroxyl group in a solvent ia a mea sure 

of the interaction between the aolute and aolvent moleculea. Thua, 

another justification for the aasignment of theae absorption banda can 
I 

be found in the compariaon of the reaulta obtained with each aolvent. 

For water in dilute aolution in carbon tetrachloride, the shift of 2/3 

•nd 7/1 from their vapor frequenciea ia to 3705 and 3613 cm·1 reapectively; 

however the ahift ia to 3695 and 3603 cm·l for water in dilute solution 

in carbon diaulfide. Therefore the ahift of both atretching vibration• 

ia diaplaced ten wave number• further in the latter aolvent, inferring 

that the carbon diaulfide molecule• enaage in a ltronger interaction 

with the iaolated water moleculea than do the molecule• of carbon 

tetrachloride. Thia ia exemplified in (1) the much greater solubility 

of water in carbon diaulfide than in carbon tetrachloride and (2) the 

greater polarizability of carbon diaulfide. 

In addition to the two atretching vibration banda observed with 

each solvent, it waa poaaible, by graphical aeparation of the absorption 

apectrum into ita componenta, to obaerve two other broad banda of leaaer 

intenaity. One of theae, with ita center at about 3804 cm·1 waa alao 

reported by Fox and Martin in their work with dilute solutionl of water 

in carbon tetrachloride. It waa proposed by theae authors that thia 

band might be the envelope of the rotation linea in thia region aince it 

appear• to follow the envelope of the rotation linea in the vapor 

apectrum over the aame frequency range. 

The aecond broad band found in tbe carbon tetrachlo~ide phaae had 

ita center at about 3540 cm-1 . Thia band haa not been reported by 
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previous inveltigatora, probably becau1e their work covered only the 

region 3900-3500 cm-1. In the present work the 1tudy was continued t o 

3200 cm-1 . In the carbon di1ulfide phaae the two broad band1 were found 

with center• at 3796 and 3547 cm-1. 

Figure 8 1how1 the graphical 1eparation of the epectrum of water in 

dilute eolution in carbon tetrachloride. The 1ample with ten lambda of 

water in about fifty nine milliliter• of dry carbon tetrachloride 

( correaponding to approximately 67% of 1aturation ) il depicted in thil 

figure. The area of each aeparate band il roughly equal to 1.4fkmax. 13 

Kmax il the maximum value of the optical denlity for a given band, divided 

by the concentration in mole1 per liter and the length of the abeorption 

cell ( in thil case five centimeter• ). f ia the half-width of the band 

( in cm-l ) mea•ured at an ordinate value corre1ponding to \ Kmax· The 

reeultl for the other carbon tetrachloride 1amplee and the reaulta of the 

carbon disulfide run1 were similar and were not included a1 separate figurea. 

The1e findingl support the validity of the a11ignment1 by Fox and 

Martin of 1/1 and t/3 to the oharp inten1e banda and their explanation 

that the higher frequency broad band il the envelope of the rotation linel. 

However it i~ atill neceaaary to try to explain the existance of the broad 

band having itl maximum intensity at about 3540 cm-1. 

Again referring to the vapor apectrum of water ( Figure 4 ) it might 

be proposed that thil band, too, il the envelope of the rotation linea in 

' thie region. Firat though, lome other polaibilitiea ahould be inveatigated. 

One such po11ibility considered waa that thi1 band might be the first 

overtone of the fundamental bending vibration of the i=olated water molecule. 

Aa yet thi1 bending frequency, ~2, hal not been obaerved for dilute 

aolutione of water in non-polar 1olvent1. It hal been observed however 

in the vapor 1pectrum at 1595 cm-1 ,6 in liquid water ( 20° C ) at 1646 

cm-1 12 and in ice at 1620 cm-1 .
18 

Thus it i1 expected that the 
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corresponding band of the isolated a2o molecule in the non-polar solven t 

should be in the neighborhood of t hese values. 

Using these frequencies, the calculated value for t he fir st overtone 

frequency, 2 '1, should be approximately 3300 cm-1 . This woul d place it 

4 -1 some 2 0 em on the low frequency side of the observed band being 

considered aa this first excited state of the bending vibration. 

The next proposal considered was the chance of Fermi resonance 

occurring within the isolated water molecule. Fermi resonance might be 

expected to occur within a molecule when a fundamental vibration (~1 in 

this case ) has a frequency in the same region as the first overtone of 

another vibration ( 
19 

2 7/2 for the water molecule ) . Since these two 

vibrational levels have the same symmetry ( e.g. they are both symmetric 

vibrations ) and since they have nearly the same energy, it is possible 

for a perturbation of these energy levels to occur. Without the resonance, 

the fundamental 11. would have a much greater intensity than the ove·r t one, 

2 ~· But if the interaction ( resonance ) is taken into account, the 

intenaity of the two bands will be more nearly alike. In other words, 

2 Vl "borrows" intensity from 1{ so that ita intensity may become of the 

same magnitude as t hat of the fundamental. If the resonance were complete 

the two would have the same intensity. However in Figure 8 it is shown 

that V}_ is still 2.5 times as large as the propoaed 2 ~· This woul d infer 

that Fermi resonance, if occurring at all, certainly is by no means complete. 

The proposal of Fermi resonance has the same drawback as has the 

suggeation that the broad band at 3540 cm-1 is the first overtone of the 

bending vibration. It assumes that this bending vibration of the isolated 

1 -1 H2o molecule is located a t about 1770 em- ( 130 em greater than has 

been observed for water in any state). 
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Next, a different type of perturbation was proposed to occur in the 

H2o molecule. Since the rwo stretching vibrations 1/1 and ~ have a 

SUmilar magnitude, there is the chance that they might perturb each other 

and cause an "accidental degeneracy" similar to that suggested for an 

interaction between V 3 and 2 ~. 
20 

However Darling and Dennison show 

that this is impolsible because &( and ~ are of different species 

( e.g. vl is a symmetric vibration whereas v3 is antisymmetric. ) 

Thus it appears that this fourth observed band cannot be satisfactorily 

explained in the u1ual manner aa overtone or combination frequencies of 

the three fundamental vibrations that have been assigned. But there ia 

ltill another possibility. A band has been discovered in the spectrum of 

-1 21 liquid water and of ice at about 2130 em , although it is absent in 

the water vapor spectrum. Further, a band has been found at about 510 cm-1 

22 1 23 in liquid water ( 590 em- in ice ) which has been called the frequency 

of hindered rotation. 

As has been previously discussed, the liquid state is a quasi-

crystalline state where the molecules undergo rotational oscillations and, 

only under certain conditions, engage in free rotation. This "hindered 

rotation" state which is composed of energy levels intermediate between 

free rotation and rotational oscillations might even be expected to exist 

in the dilute solution of water in the non-polar solvent. Ellis and 

21 1 
Sorge , though suspecting the 2130 em- band in liquid water to be a 

combination of the fundamental bending frequency and this hindered rotation 

frequency, de1ignated thi1 peak as a fourth fundamental. 

Employing the band at 2130 cm-1 as a fundamental, it might be possible 

to explain the broad band at 3540 cm-1 as a combination of the bending 

vibration and thi1 new band at 2130 cm-1 . It appears though that the 
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calculated value of this proposed combination band are as far removed 

from the observed peak on the high frequency aide ( e.g. 1595 -~ 2130 

3725 cm- 1 ) as were the previous attempts on the low frequency aide. 

Further, the validity of this proposal ia questionable since its 

basis was the hindered rotation frequency which has been observed only 

in liquid water and in ice but not in dilute aolutiona of water in a 

non-polar solvent. Thus the combination• suggested, while maybe acceptable 

for liquid water or ice, are probably inapplicable when applied to the 

solution. 

In summary, it was shown that water has been thoroughly studied in 

ita associated or polymeric form in the solid, liquid and vapor states. 

However further investigation is desired of the monomeric form of water 

( e.g. the isolated H2o molecule that was studied in the preaent work by 

infrared examination of water in dilute solution in non-polar solvents). 

For, although numerous workers have concurred that the two sharp banda 

present in the solution are the two fundamental stretching vibrations of 

the isolated H2o molecule, as yet the only explanation given for the 

observed broad peaks of lesser intensity is that they might possibly be 

the envelope of the rotation lines of water in this region. Also, to 

date it has been impossible to locate the bending vibration of the 

is·olated H2o molecule since the non-poler aolvents investigated in which 

water is at all soluble absorb completely in the bending region. 

Complete information regarding the isolated H
2
o molecule, including 

satisfactory explanations for the observed broad bands of the dilute 

solution of water in non-polar solvents, is necessarily dependent on the 

discovery of the bending fequency of the isolated u2o molecule. Thus it 
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is recommended that further studies be conducted employing all possible 

non-polar aolventa and utilizing the shorteat possible pathlength cella 

in order to locate thia frequency. 
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