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ABSTRACT 

The nuclear-magnetic-resonance spectra of several hydrogen bonding 

systems in noninteracting solvents have been studied at several concen- 

0 tmtions and in the temperature range of 20 to 100' C. . A specially 

constructed dewar insert and heating apparatus was constructed for 

maintaining the samples at the desired temperatureso 

Chemical shifts were measured at 60 Mc for the carboxyl.protons 

of.fomic, acetic, and benzoic acids in benzerie. .The shifts characteristic 

of the monomer and dimer species were calculated. Shieldings of the 

monomer species were calculated to be of the same order as those of 

alcoholmonomers. At the lower end of the temperature range, the 

monomer shieldings were even higher than those of the alcohols. The 

decrease of the monomer shieldings with increasing temperature may 

indicate an association of the monomer molecules with the solvent, 

although a limited number of measurements of benzoic acid in carbon 

tetrachloride indicate a similar high shieldingo The dimer shieldings 

were found to be in the range of 300 to 400 cps below the benzene 

reference. The dimer shieldings increase with the strength of the 
1 

hydrogen bond. 

Chemical shifts were also measured for methanol, ethanol, isopropanol, 

and tertiary butanol in carbon tetrachloride and for ethanol in benzeneo 



The enthalpies of dimerization were estimated from the change in the 

limiting slopes of shift vs. concentration curves with temperature and 

fo.und to be -9.3 + 2.5, -7.4 + 2.0, -6.5 + 1.5) -5.4 + 1.8) and - - - - 
- 5 .  h + 1 . h kc.a.1 per mole a f  dimer respective1.y. These are in good agree- - 

ment with infrared results. The dimer shielding in ethanol was estimated 

from infrared and NMR data and used to calculate equilibrium constants 

for ethanol. At 22' C, the dimerization constant for ethanol in 

carbon tetrac.hloride is 11.0 for a cyclic dimer and twice this for 

a linear dimer. Probable higher'polymers were estimated for the 

ethanol system, and the experlmental data were fitted by adjusting 

polymer shieldings and equilibrium constants. This analysis does not 

definitely prove the existence of a particular h5gher polymer, but the 

presence of dimers is strongly indicated. 



NUCLEAR MAGNETIC RESONANCE STUDIES OF HYDROGEN-BONDING 

I INTRODUCTION 

Hydrogen bonding systems in noninteracting solvents have been 

studied by a variety of methods in recent years.L Refined freezing- 

point techniques, ebullioscopy, dielectric-constant studies, vapor- 

measukements, and solvent-distribution methods have been used 

to establish! the various species and the equilibria involved.. Probably 

the most thoroughly studied systems have been those involving the 

0 - H....O bond in alcohols and in carboxylic acids. Of particular 

interest in recent years has been the application of infrared spectroscopy 

to such studieso 29 3 It has been observed that the 0 - H stretching 
frequency is .shifted when hydrogen bonding takes and the band 

due to the dPmeric species 11a.s: been rtikher definitely established, at 

least in the case of carbojrylic acids and alcohols. Higher polymers 

give a broad band which cannot be separated into various species.. The 

relative amounts of the various molecular forms in solution from the 

5 -7 band intensities ha&e been estimated. . 

The effect of hydrogen bonding on proton-magnetic-pesonance spectra 

was first observed by Arnold and Paclkard who discovered that the peak 

corresponding to the resonance of the hydroxyl protons in ethhol 

shifted to a higher externally applied magnetic field when the temperature 

8 was raised. Cohen and Reld also observed a similar shift of the 

hydroxyl peak when ethanol was diluted in carbon tetrachlorideO9 This 

effect was interpreted by Rmsey and Liddel as being caused by a change 

in the time-average magnetic environment of the hydroxyl protons as a 



result of the shift in the equilibrium between the monomer and higher 

polymers caused by varying temperature and dilution. 
10 

Since these initial observations, nuclear-magnetic-resonance (NITR) 

techniques have been used increasingly to study hydrogen bonding. 
11 

Attempts have been made to evaluate equilibrium constants for phenols; 
12,13. 

alcohols; 9'13914 and systems such as chlorofom with acetone, 15'16 with 

i 6, 1-7 triethyl&ine, l5 with benzene and other olef ins, and with diethyl 

ether;16 and acetic acid with acetone15 and with dimethyl eulfoxide. 
18 

More qualitative studies have also been made to elucidate the various 

20 
speclev iirvulved, particularly in acetic acid19 and in various hydr ides  

In general, it has been observed that when a hydrogen bond is formed 
. . 

.there is a shift of the proton resonance to a lower applied magnetic field. 
11 

Separate peaks are not observed for each species involved, presumably 

because there is a sufficiently rapid redistributiorl of a proton between 

bonded and nonbonded states. It has been proposed that in such cases 

the position of the observed signal is a weighted average of the positions 

21 ' of the individual specfes presenl. 

In spi3.s of the nmerous investigations made of hydrogen bonding 

in inert solvents by a varfety of melhutls, iiud ii~fclinlation obtained about 

similar equilibria in the vapor phase and in solids, there is considerable 

uncertainty about the species piesent and the important equilibria. For 

example, it has been difficult to determine the exact structure of the 

dimers in alcohols, and in both.acids and alcohols very little is known 

about the sizes of the higher polymers. In addition, it would be 

interesting to know more about the exact nature of the hydrogen bond 

itself in such systems. 



Most notably 1acking.are extensive studies made at different 

temperatures.' Only a few infrared investigations have been made with 

this in mind (for example, Reference 6) and no systematic temperature 

studies have been repol-ted that use l@!R methodso As a result there 

,is little information about heats and entropies of polymerization for 
... .. , . 

such syiitems. It was for this purpose that the present study was 
t 

. undertaken. In addition, it was hoped 'to learn more about the various 

' 

species and the important contributions to hydrogen bonding. 

systematic temperature studies required the construction of an 

apparat~is for the accurate control of the sample temperature in the 
. . .  

high-resolution NMl spectrometer. This. equipment is described in 

Part IIj along with pertinent. inforktion about the preparation of the 

samples ahd the measurements, In Part 111 the spectra of several 

carbdxyii& acids are discussed followed by a study of alcohols in . 1 '  
, 

Part N. 
. . 



11. EXPERIMENTAL PROCEDURE 

Of primary concern in this work was the removal of water from the 
. , 

samples since hydrogen bonding of the alcohols and acids with water 

might seriously change the observed chemical shiftse The individual 

purification procedures were as follows: 

Benzene: twice distilled from anhydrous calcium sulfate; bp 80.0 

'- 6 
, to 80.1 C. 

Carbon tetrachloride; twice distilled from anhydrous calcium 

sulfate; bp 76.7 to 76.8'~; stored.over P 0 
2 5 O  : 

. . 

Benzoic acid: cop. acid recrystallized from benzene and dried 

0 10 hr at 80 C under vacuum; m o p .  122.3°~. 

Formic acid: 9846 c .p .  acid distilled from anhydrous calcium sulfate, 

twice vacuum distilled from anhydrous sodium sulfate, and stored as 

solid to avoid decomposition. 

Acetic acid: c ,p, acid. distilled from anhydrous calcium sulfate 

and vacuum distilled from anhydrous sodium sulfate. 

Maleic acid: cop.  acid recrystallized from water and dried in 

0 
vacuum oven at 100 C; mop. 136'~. 

Methanol, ethanol, tertiary .buteol, isopropand1.i , all alcohols 

distilled twice from calcium hydride. 

All materials were stored in a water-free atmosphere and samples 

were prepared in a dry-box. The alcohol solutions were all prepared by 

dilution of a stock solution which was gravimetrically prepared. 



The carboxylic acid solutions were all made up by weight. The con- 

centrations of the solutions are-given in mole-fraction units to 

avoid temperature dependence. 

Measurement of Chemical Shifts 

.All of the spectra were obtained on a Varian Associates V-4300B 

high-resolution NMR spectrometer operating at 60 Mc and equipped with 

a Model ~-~3606 super-stabilizer system. A number of the acid solutions 

were also observed at 40 Mc, the shifts agreeing exactly with those 

obtained at 60 Mc. 

Chemical shifts were measured by the side-band technique22 with a 

Hewlett-Packard Model 2005 audio oscillator which was'calibrated with 

a Hewlet%-Paclrard Model 5.24B electronic cou~tel-~ All shifts ?eke 

reported in 'cycles per second, measured at 60 Mco . . 

In the more concentrated solutions, 'the shifts were measured 

visually on the oscilloscope by superimposing'the audio sidebands of 

the reference peak directly on the peaks of interesto In the very 
. 

dilute solutions, the peaks were recorded with the reference. sidebands 

placed on eitkr side during the recording. The actual positions of 

the peaks were then obtained by graphical interpolation bgtwekn the . 

sidebands.. In a few cases the shifts were obtained from known fine 

splittings of adjacent or superimposed peaks as, for example, when 

the ethanol OH peak was located inside the CH triplet. Shifts were 
3 .  

measured to an accuracy of - + 0.5 cps, and each reported shift is the 

result of at least six separate measurementso 
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Variable-Tem-oerature A-o-oaratus 

The studies o f  chemical shifts at temperatures other than room - 
temperature required the design of an apparatus that would permit 

control of the sample temperature while still allowing the cylindrical 

sample tubes to be spun rapidly. This spinning enhances the field 

homogeneity as required for high-resolution spectra. 

The V433l.A probe of the Varian spectrometer, positioned between 

the gsle faces of the magnet, contains transmitter coils mounted 'with 

$heir axis horizontal and perpendicular to the primary field of the 

magnet. These coils produce the oscillating field at the sample which 

. is contained in a cylindrical 5-mm-0.d. glass tube passing vertically 

between the two sets of coils and perpendicular to their axis. The 

reorientations of the nuclear moments at resonance are detected as a 

voltage induced in a small receiver coil wound 0n.a 10-mm 0.d. glass 

cylinder (called an insert) around the sample tube. The receiver 

.coil.is connected to the rest of the probe circuitry by a coaxial 
. , 

connector at the bottom of the insert. This connector also serves 

to.hold the bottom of the insert rigid. 'The top of the insert is . - 

held rigid by a Teflon ring. ,On the top of the probe, an air turbine 

is mounted on a.threaded O-ring to provide a means for spinning the 

sample tubes. The space inside the transmitter coils allows the use of 

inserts up to 18 mm oodo for large samples, but only the small insert 

using 5-mm sample tubes allows spinning. 

The apparatus constructed for the variable-temperature studies is 

shown in Figs. 1 and 2. 1t.consisted primarily of a special pyrex 

insert (F'ig. 1) which had a dewar' jacket to prevent heat loss to the 



probe. The receiver c o i l  was wound around the inner tube and the 

connecting wires were l ed  through a Teflon plug t o  a coaxial  connector 

a t  the  bottom. The Teflon plug was inser ted f o r  mechanical s t rength 

and t o  provide a s  much heat insulat ion a s  possible. The bottom of the  , 

. inner tube was provided with a Teflon cushion on which the sample 

tube r e s t s .  Holes i n  the  ground joint  a t  the  top of the  i n s e r t  allowed 

heated o r  cooled ni t rogen t o  flow i n t o  the  space between the, dewar 

jacket and the  inner tube, through the  holes i n  the  bottom of the  

i k e r  tube, up around the sample tube, and out the  'top., 

On top of the  probe was mounted an aluminum and Teflon housing 

( ~ i g . ~  2)  which was held i n  place by the  O-ring on the probe t h a t  

normally holds the  a i r . t u r b i n e .  This housing served t o  support t he  

a i r  turbine and a l s o  t o  t r a p  the nitrogen coming out of the  i n s e r t  and 

d i r e c t  it out through a dewar-walled tube; t h i s . g a s  passed around 

the  heated nitrogen coming in to  the  i n se r t .  The gro&d-joi~$ arrange- 

ment on the  i n s e r t  had a groove connecting the  entrance holes which 

allowed the  nitro'gen t o  flow regardless of how the - in se r t  was turned 

kelatYve"to the  top, doughnut-shaped, .d i s t r ibu t ing  chainber through 
/ : . . , , . ; : . .  . ,  . " 

which the  nitrogen first passed. ' This allowed the i n s e r t  t o  be turned 

i n  t he  probe f o r  proper balancing o f . t h e  r f  leakage between the  receiver  
. . ,  . .. . , .  , 

c o i l  i n  the  i n s e r t  and the t ransmit ter  c o i l s  i n  the  probe. 
.. . . < 

The dry nitrogen was brought t o  t he  desired temperature by means 
I .  

of  a nichrime-coil heater wound i n  a pyrex tube and mounted i n  a dewar- 
, . 

walled jacket. The nitrogen flow r a t e  was regulated by means 'of a 

Victrometer flow gauge and the  temikrature was varied by regulating the 

current i n  t he  he at,e+ with a ~ a r i a c  transformer* 
, . . . 



Standard - taper joint ,L 
.I' 

Socket joint 

. .. 

Receiver coil 
Teflon cushion 
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u 
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Fig. I .  . Variable- temperature,  high-resolution inser t .  



Fig. ,2. Variable -temperature apparatus. 



Thermocouples were placed in the nitrogen stream at the points at 

which the nitrogen enters and leaves the insert. Both points were monitored 
5 

\ 

continuously to within - + 0.05~~. It was not possible to place a thermo- 

couple in the vicinity of the receiver . c o i l  in these kxprirnents, but a 

smile tube. containing a thermocouple was used to determine the sample 

temperatures as related to the temperatures,in the nitrogen stream over 

a period of time. This sytem provided an accurate and reliable 

indication. ' 1 t . i ~  believed that the sample ternprra1~u.e~ art known 

withill - + 1°c. 

The probe, aluminum housing, heater, and dewar transfer tube were 

all mounted on an aluminum supporting bar.which was attached to the 

magnet's traversing mechanism. This allowed the position of the sample 

to be adjusted in the field for maximum homogeneity at any time without 

disturbing the heating equipment. 

Spectra of a standard acetaldehyde sample indicate that the signal- 
to-noise ratio is less for this insert than for the standard insert. This 

is because difficulty in winding a coil of su,fficiently high Q and because 

the filling-factor of the coil is less than in the standard insert. 

However, the resolution obtained closely approaches that of the standard 

insert, indicating that the coil was accurately wound and mounted. 



111. HYDROGEN BONDING IN CARBOXYLIC ACIDS 

The association of carboxylic acids has been investigated for many 

Accurate vapor-density. measurements and several infrared 

studies have established equilibrium constants for monomer-dimer equilibria 

in the vapor, 24-27 and electron-diffraction studies have shown that the 
28 

dimers are cyclic with two hydreen bonds. Over the temperature and 

pressure ranges studied, the experimental data have been closely fitted 

if we assume only monomers and dimers in bhe systems, but some indications 
I 

of higher polymers have been found. 25'27' The nature of the trimers . . and 

tetramers proposed in these cases has not been elucidated, however. 

For the solid.state, considerably less information is available. ' 

It is known that aromatic acids and dicarboxylic acids also exhibit 

a cyclic structure in the' but it has been shown, that formic 

and acetic acids, and presumably related aliphatic acids, form infinite 

chains in which each acid molecule is hydrogen bonded to two other acid 
, 

molecules. 31 These higher polymers exhibit considerably shorter 0---0 

distances and lower OH stretching frequencies than the monomers and 

32 cyclic dimers. 

The association of carboxylic acids in inert, nonhydrogen-bonding 

23 solvents has also been the subject of extensive investigation. 

Cryoscopic studies at the freezing point of the solvent and boiling- 

point-elevation studies were among the first methods used in investigating 

these systems, and these techniques have been refined in recent years. 

Accurate vapor-pressure measurements have also been employed. A number 

of systems have been studied by following the dielectric constants of 



solutions of various concentrations. The cyclic dimers have a considerably 

smaller dipole moment than the monomers. 33934 Another technique has been 

3 5 to study the distribution of acids between water and an inert solvent, 

but the effect of the solubility of water in the solvent on the equilibrium.. . 
is uncertain. Attempts have also been made to deduce monomer-dimer 

equilibrium constants from the intensities of bands in the infrared 

spectra attributed to various species. 
36-38 

Mb.IR techniques have not been widely used to study acid systems in 

inert solventso Although the ionization constants of several acids have 

been calculated rruu! shifts observed in aqueourj  solution^,*^'^^ a n d  the 

equilibriun between various species'in acetic acid - acetone solutions has 
been studied,12 there are only two reported investigations involving inert 

solvents. Huggins et al. observed no shift in solutions of acetic acid in 

carbon disulfide, but their measurements were- not extended to very dilute 

solutions. Reeves and Schneider studied the shifts of acetic acid in 

several noninteracting solvents of varying dielectric constant and observed 

that there was a pronounced shift to high field whea the concentration of 

acid was reduced helow 0.1 However, the di lute  region was not 

studied thoroughly. A slight shirt to LOW field was ubsrrvell as tkt 

pure acid was diluted to 0.1 M and an approximate dimer shift was obtained 

by extrapolating this trend to infinite dilution. No quantitative calculations 

of'the equilibria were made, however. 

In the present investigation, benzoic acid shifts have been measured 

at a variety of concentrations in benzene and at several temperatuPes. 

This system was chosen since it has been established that only a monomer - 
$ . .  

dimer equilibrium is present and: the equilibrium constant and are 

well known .=13 A limited number of measurements in carbon tetrachloride 



sglutions were also made.. Xn addition, formic acid and acetic acid in 

benzene have also been studied. 

Benzoic Acid 

The shifts observed for the carboxyl proton of benzoic acid in 

several benzene solution& and at several temperatures are listed in 

Table I. The symbol x designates the total apparent mole fraction of 

solute in the solution. The shifts are given in cycles per second 

measured at 60 Mc. A hegatiGe shift indicates that the carboxyl peak 

lies at a lower applied magnetic field than the reference peak.,from 

which the shift is measured. The peak of the b;enzene solvent was used 

as a reference since the ring protons of the acid were 0bscured.b~ the 

solvent peak and it was felt that any changes in the bulk susceptibility 

of the solution would be experienced equally by the acid and solvent 

molecules. This was verified in the case of acetic acid --benzene 

solutions where the methyl peak of the acid remained unaffected by 

dilution relative to the solvent peak. In solutions of benzene and ..' 
cyclohexane it was observed that the,cyclohexane peak did not shift 

more than - + 2 cps relative to the benzene in the concentration range 

of interest. The use of external references is less satisfactory 

because bulk susceptib,ility carrections of unknown accuracy are 

required, especially at higher temperatures where' less susceptibility 

data are available. 



Table I 

Chemical shifts of benzoic acid in benzene solutions 

8 (cps from benzene) 
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Fig. 3.  Chemical shifts  of benzoic acid in  benzene 
solutions. 



The data of Table I are illustrated in Fig. 3 .where the effect of 

tenrperature on the shift for each solution is shown and in Fig. 4 where the . 

effect of concentration on the shift is illustrated at one temperature. 

Neither the monomer nor dimer shifts of benzoic acid were observed 

directly. The high-concentration measurements were limited by the 

solubility of the acid in benzene, and -the lw-concentration measurements 

by the signal-to-noise ratio of the spectrometer. At the lowest concentramn 

observable (mole fraction of acid Q 0.0074) and at the highest temperature 

(98O~), about one-third of the acid protons were calculated Lu Le in a 

monomer environment. ' 

Although these two shifts were not observed, it is possible to calculate 

them. As descr-ibed by Gutowsky and saika21 and illustrated by Huggins 

et a1.,l2 the observed shift in a rapidly exchanging system is a weighted 

mean of the shifts of the various species present. If a is the total 

moles of acid and m is the moles of acid,in the'monomer'form at equilibrium, 

the observed chemical shift 6 for this system is given by 

where and 6 are the characteristic monomer and dimer shifts. The D 

quantity m/a is the fraction of acid molecules in the monomer form and 

(a - m)/2a is the fraction of dimer molecules, but since there are two 

hydrogen bonds in the dimer, the latter weight must be multiplied by two 

to give the resulting expression. 

The equilibrium constant for the association in terms of m, a, and 



Mole fraction acid . 

MU - 17832 

Fig. 4. Effect of concentration on shifts of benzoic acid 
in benzene. 



where s is the moles of solvent in the solution and xD and % are the 

mole fractions of dimer and monomer in solution, respectively. Rearrange- 

(a - m, so that ment of this expression leads to expressions for and a 

these two terms can be calculated for m y  solution for which a, s, a d  

m K2 are known. The equation for - is a .  

andthatfor (a a - m, follows directly. 
The e'quilibrium constant for the benzoic acid - benzene system has 

been determined at several temperatures by 'a numbet 'of investigators. 33 ,40-42 

All of the data except the dielectric-constant measurements33 are in 

excellent agreement, consistent with a AH br -8.4 . - + .5  hcal mule-'. 

n 
The equilibrium constant has been calculated for every 1U interval  

m from 30'~ to 100~~. FOP each solution, - and a (a have been a 

calculated by the use of Eq6 ( 3 )  from these $Os and the Weights of 

solvent and acid used in making up the 'solutions. 

xu (a m, for each With values of the measured shift 6, g, and a 

solution at each temperature, it is now possible to obtain values of % 
and 6D by solving two simultaneous equations of the form of Eq. (1) for 

these two unknown quantities. This has been done by solving the equations 

for 32 different pairs of solutions at a given temperature, the same pairs 

being used at every temperatureo Closely adjacent pairs of solutions were 

not included, since errors would be unnecessarily magnified in these cases. 



The resulting gM0s and 6 's have been averaged and tabulated in Table 11. D 

The indicated errors are the average deviations of the calculated 6's 
. . 

from the means. The data of Table I1 are also illustrated in Fig. 5. - - -  

It is .seen that at 30'6 the calculated 6 lies in the region usually 

measured for carboxylic acid shifts,'' but that the. value of 6M is 

extremely high. In fact, it is shifted to a much higher field than 

has ever been reported' for any &roton. However, with an increase of 

temperature, 6 drops rapidly and appears to approach the range also M 

measured for alcohol monomers -- a field that is about 400 cps higher 
than that of benzene. On the other hand, 6 is iittle affected by 

D : 

temperature, shifting to a higher field by only about 25 cps. 

The behavior of the monomeF shifts is strongly suggestive of an 

interaction of the monomer with the solvent. It is well-known that 

molecules with acidic protons associate with benzene, 17,43944 and 

. . 
17945 indicate that in such an association the 

. 

extensive NMR studies 

proton is drawn into the face of the benzene molecule rather than 

around the edge. 17'45 It has been shown that the benzene molecule 

,exhibits an anisotropic diamagnetic susceptibility which can be viewed 

as arising from a circulation of the mobile n electrons around the ring 

induced by the external magnetic field. 469 47 These circulating electrons 

give rise to a secondary magnetic field around the benzene moleculeo 

The magnitude of this field averaged with time over .all orientations 

of the benzene molecule has been calculated by various means. 47-49 

If a molecule is associated in some definite region. around the 

benzene ring, a proton in this molecule wlll experience the secondary 

field from the benzene in addition to the external field. This will 



Table I1 

--  

Calculated monomer and dimer s h i f t s  fop benzoic ac id  i n  benzene 

(AH = -8.4 kcal  mole-') 

6M (cps from benzene) 6D (cps from benzene) 
- 



. Te~perature (OC) 
MU-  17833 

. . .  
Fig. 5. calculated m&omei and dimer shifts of benzoic 
. . acjd in  benzene. . . . 

.. . . . .  . . 

.. . . . . . . . 



result in a shift of the proton's resonance. In the case where the 

proton,-is locked in the face of the ring'near. the symmetry axis, the 

secondary field opposes the external field so that a larger external 
, . 

field is required for resonance. In other words, the resonance'is 

shifted to.a higher external field. As the temperature is raised, this 

association is weakened, the proton is withdrawn from the region of the 

benzene ring, the second field therefore is reduced in the vicinity of 

the proton, and the resonance is shifted to lower fieids. This is the 

behavior observed for 8 in Fig. 5. M 

An accurate calculation of the time-average field distribution 

was made by Johnson and ~ove~.~' Previous approximate calculations 

considered the field arising from the magnetic dipole at the center 

of the benzene ring that would be produced by the circulating electrons 

in a loop at a radius of that of the benzene molecule.47 A second type 

of calculation considered the field arising directly from the circulation 

48 
of the electrons in such a loop. Johnson and Bovey improved the 

calculation by putting the circulating electrons in two loops above and 

below the plane of the ring as they actually must be in the x orbitals 

of the molecule. The distance between the loops was adjusted by matching 

the calculated shifts for protons on the ring and on substituents with 

those experimentally observed. The time-average field distribution 

around the benzene molecule was then obtained by averaging the fields 

for each orientation of the molecule in the external magnetic field over 

all possible orientations. Johnson and Bovey have published tables of the 

time-average field so that it is possible to see what shift would be 

produced by this field at a nucleus in any position relative to :the 

benzene molecule. 



If it is assumed that the carboxyl proton is drawn toward the 
. . .  

benzene face exactly along the symmetry axis an'd that the unassociated 

.. . 6 --is about, 400 cps at 30°c, then from the tables it is found .that the 
' M  .. 
time-average secondary field distribution produces this shift at the .' 

,carboxyl proton at a distance of approximately l.X:A from the plane. 

of the benzene ring. Since this.is an extremely close approach, it is 

more likely that the acid proton may be located between the faces of 

two benzene molecules and .(or) that the molecular moti ons leading to an . . 

, averaging over all possible orientations in space of the benzene 
. . 

molecules may be restricted in this system, which would result in higher 
. . 

secondary fieldso 

Such a$ association with the solvent would not be anticipated for 

the cyclic dimer which has no free, acidic protons, and inheed no . 

unusual shifts are observed. It would be expected that the hydrogen 

b.ond is weakened at higher temperatures, which might account for the 

small shift of 6D to higher field. 

Despite the plausibility of the effect of association with benzene 

' on the calculated 6i9 it is also desirable to investigate the effect of 

varying K on EM and aD. In particular, it would be of interest to see .2 

what equiliLbrium constants and AE would give a monomer shielding around 

450 cps at all temperatures. 

3 At 30°c, a K2 of 2.2 x 10 gives a 6M of 450 cps and a 6D of 
. .. 

-425 cps. .W$th this K2 and the previous'~i at 1 0 0 ~ ~ ~  a new dB of 

-5;62 kcal mole-' was estimated. This AH:kds used to calculate K at 

the intermediate temperatures, and monomer and dimer shifts were 

calculated. These are listed in Table III. The deviations are of the . . 

same magnitude as those given in Table 11. There is again an increase 



Table I11 

Calculated monomer and dimer slilfis of b e i ~ z s i e  ac id  i n  benzene 

a f t e r  adjustment of equilibrium constants.  

(NI = -5.62 kcal  mole'') 

T ( O C )  - K ,  b (cps from Lt.u~.rre) 6D (cpo from benzene) - M 



:in 6D over the temperature range studied, while €jM decreases and then 

increases again although the total fluctuation is of the order of the 

average deviations in the calculated values. Apparently a set of 

equilibrium constants which wpuld make 6M exactly the same at all - 
temperatures will not fall on a straight-line log K vs 1 / ~  plot. 

\ 

It is interesting to note that the value of K2 at JO'C which 

brings 6 down to 450 cps is closer to that detemined by the dielectric M 

measurements (1.41 x lo3) .33 However, the disagreement with the 

freezing point, isopiestic, and boiling point studies both in K2.and 

AH leaves the low value in doubt, It is also possible that the limited 

concentration of monomer in the low-temperature solutions might lead to 

large errors in the calculated monomer shift, but the average deviations 

from the mean of the calculated.values are not much larger at the 

lmer temperatures than at the higher. Thus it is difficult to see 

why an error should necessarily fall preferentially toward higher 

shieldings. 

An infrared &termination of the equilibrium constant for the 

dimerization of benzoic acid in carbon tewachloride solution has 

recently been reportedO7 The K at 25'~ converted to mole-fraction 
2 

4 units was calculated to be b056' x 10 . In this investigation an attempt 
was made to calculate 6 and 6D for this system from measurements, , M 

but the limited solubility of the acid (X % 0b019) 'restricted the 

measurements to a narrow concentration range in which the calculated 

fraction of molecules in the monomer environment varied only from 0.024 

to 0.040. The estimated. 6M and 6D from these measurements (five solutions) 

are 2267 + 302 and -399 + 9 cps from benzene after correction for the bulk - - 
susceptibility differenkes in carbon tetrachloride and benzene. 



This monomer shift' is..even higher than those calculated for the 

benzene solutions while the dimer shift is about the same, There is 

no reason to expect solvent effects to produce a large shielding for 

the monomer in this system, but the accuracy of this estimate is unknown 

since such a limited range was accessible for the NPlIR measurements, and 

because the K is of unknown accuracy. Unfortunately, there arc no 2 

other measurements of the benzoic acid-CC1 system, but comparison 4 r 

of the distribution and infrared studies of acetic acid in C C ~  show 

that the infrared K is about ten times that obtained rrvrr~ dislribution 

3 measurements .23 A K2 of 4.2 x 10 vould bring bM tu &out 440 cps 

and 6D to -396 cps. Again, the high 6M may result in both the benzene 

and carbon tetrachloride systems when the concentration of monomer is 

very smali for all the solutions, although, as pointed.out, it is not 

clear that the error should be predominantly in one direction rather 

.than random. 



Formic and Acetic Acids 

The shifts of several solutions of formic acid and of acetic acid 

0 in benzene have also been studied over the temperature range 20 to 100 C. 

The observed shifts are recorded in Tables I71 and V. These shifts are 

again measured with benzene used as an internal reference. 

Only one in3estigation of the monomer-dimer equilibrium for formic 

3 acid has been reportedO3) A value for K2 of 1.41 x 10 was calculated 

0 at 30 C in benzene from dielectric-constant measurements.' Because it is 

I the only available value, there is some uncertainty' as to its. accuracy, 

particularly since the K calculated from similar data for benzoic acid 

in benzene does not agree with those of other methods.. However the agree- 

I ment is good for the toluic acids. Since no values for AH have been 

I reported, it was only possible to calculate 6# and 6 for.this system D 

I at 30'~ by the use of the . . method outlihed forbenzoic acid. A total 

of 46 different pairs of solutions were used to solve Eq. (1) for fjM 

&ad QD. The average values and the average deviations from the means 

are listed in Table VI. It is seen that in the'cyclic dimer, the 

I carboxyl proton is more shielded than in benzoic acid. Since benzoic 

acid apparently forms a stronger hydrogen bond, it might be expected . . 

that the proton would be less shielded in the benzoicacid dimer. The 

I - 
monomer shift is again seen to be high for formic acid as it was for 

I benzoic acid, but since this may result from association with the 

I - .  
solvent, and because the errors are large, comparisons with benzoic 

I acid are not likely to be significant. 



Table IV 

Chemical shifts  of formic acid i n  benzene solutions 

6 ( cps from benzene) 

X 
acid 

0.0088 

lloOe 
--- 

obscured by 
benzene peak 

i I 

I? 

I t  

-22 5 

-55 08 

-61~2 

-64.8 



Table V 

chemical s h i f t s  of ace t i c  ac id  i n  benzene solut ions  

6 (cps from benzene) . . 

X ac id  



The acetic acid-benzene system has been investigated by two methods -- 
33 .measurement of the dielectric constant-. and study of the distribution of 

... . . 

acetic acid between water and benzene. 35 The values of K obtained at 
2 

30'~ by these two studies are 4 017 x lo3 and 1.29 x lo3;-. respectiv~ly. 

The effect of the solubility of water in benzene on the latter value is 

uncertain; however, the constants o'btained by distribution methods 

generally appear to be lower than those obtained by' other mezAs. For this 

reason, the .dielectric value was used to calculate 6 and 6 for acetic M D 

acid in benzene at several temperatures. A AH of -8.2 kcal mole-' obtained 

from both the distribution. studies and thermodynamic methods was used to 
. . 

calculate K at temperatures other than 30'6. The results of these 
2 

calculations for 34 pairs.of solutions at each temperature are given in 

Table VII. 

Again, the cyclic dimer. shift is at e. higher field than for benzoic 

acid and at slightly lower field than for formic acid, consistent wfth 

the picture of shift as z function of hydrogen-bond strength. The monomer 

shifts are also at a much higher field than that usually measured 'for 

protons, and again there is a rapid drop of 6 to a lower field as the M 

temperature is raised. This .is similar to the behavior observed for 

benzoic acid. 

The deviations in the 6M and 6D calculated for formic, and acetic 

acids are larger than'for benzoic acid. In the formic acid and acetic 

acid systems, higher polymers are known to form, and the presence of 

small amounts of' higher polymers may cause less.-consistent monomer and 

dimer shifts. Hdwever, no particular trends were.observ,ed for the 

calculated shifts dependent on whether pairs of solutions in the high or 



Table V I  

Calculated monomer and dimer s h i f t s  fo r  formic acid i n  benzene 

6~ 6~ 

(cps from benzene) (cps from benzene) 
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Table VII 

Calculated monomer and dimer s h i f t s  f o r  ace t i c  a c i d ' i n  benzene 

(AH = -8.2 kcal  mole-') 

( cps from berlzene ) (cps from benzene) 



low concentration ranges were used. This would seem t o  indicate  t h a t  at  the  

,concent'rations used i n  the  calculations,  the  amount of higher polymers 

may not be important, and the calculated monomer and dimer s h i f t s  a r e  

f a i r l y  r e l i ab l e .  



S h i f t s  of Higher Polymers 

Although t h e  cause of t h e  s h i f t  of  t h e  proton towards lower sh ie ld ing  

wi th  t h e  formation of hydrogen bonds i s  r ~ o t  c l e z r l y  .w~ders tood, . . . there  i s  

some evidence t h a t  it i s  p r imar i ly  an e l e c t r o s t a . t i c  e f f e c t .  Marshall and 

Pople have c a b c ~ ~ l a t e d  t h e  , e f f e c t  of  t h e  e l e c t r i c  f i e l d  of a po in t  charge 

on t h e  shie ldfng Of a hydrogen1 atom. Ttwy 1 1 : i v e  slluw'll Llibl; t h e  1 - t su l t i ag  

50 s h i r t  i s  Of the c o r r e c t  urdrr ul: loag~liLude &lid i r ~  t h e  s i g h t  d i r e c t i o n s  

Eccen t i a l ly ,  what happens t . h ~ n  .is t.hat. the el-ectrons from t h e  second 

oxygen atom r e p e l  t h e  e l e c t r o n s  i n  t h e  OH bond and t h e  r e s u l t i n g  e l e c t r o n i c  

asymmetry causes a decrease i n  t h e  proton sh ie ld ing .  

It would be expected t h a t  a s t ronger  hydrcgen bonds would r e s u l t  i n  

l a r g e r  s h i f t s ,  and i n  genera l  ti .~is has been observed. The proton s h i f t  

on d imer iza t ion of  a lcohols  i s  considerably, s~t~allel. than t h a t  observed 

f o r  a c i d s ,  and a s i m i l a r  d i f f e r e n c e  i n  s h i f t  i s  observed f o r  t h e  0-H 

4 . . 
s t r e t c h i n g  frequency. It would thus  be expected t h a t  t h e  formation of 

h igher  polymers, which a r e  seen from i n f r c r e d  s h i f t s  t o  have s t ronger  

,hydrogen bonds than t h e  dimer, would e x h i b i t  correspondingly l a r g e r  s h i f t s  

of  t h e  proton resonance. .  This  has genera l ly  been observed. I n  t h e  

a lcohols ,  f o r  example, t h e  h igher  polymers appear t o  have a s h i f t  a.bou.t 

t h r e e  t imes t h a t  of  t h e  dimer. This i s  considered i n  g r e a t e r  d e t a i l  i n  

P a r t  IV. 

I n  carboxylic a c i d  systems, a somewhat d i f f e r e n t  s i t u a t i o n  appears t o  

e x i s t .  Reeves and schne ider lg  observed t h a t  i n  a c e t i c  a c i d  so lu t ions  t h e  

proton s h i e l d i n g  decreases on dimer iza t ion but  t h a t  above a mole f r a c t i o n  

of about 0 . 1  t h e  sh ie ld ing  aga in  inc reases .  This behavior was observed i n  

t h i s  i n v e s t i g a t i o n  a l s o  where t h e  s h i f t s  were rnessured r e l a t i v e  t o  both i;he 



benzene signal and the  methyl peak of ace t ic  acid.  It was observed t h a t  

there  was a t o t a l  s h i f t  of about 40 cps t o  higher f i e l d  from the  lowest 

measured s h i f t .  Similar behavior was detected i n  the  formic acid solutions.  

This behavior i s  not t h a t  t o  be expected from the  e l ec t ros t a t i c  e f f ec t  

of the  electrons on the  approaching carbonyl oxygen. I n  t h i s  case, the  

c loser  approach of the  e lectrons would produce a la rger  f i e l d  a t  the  

proton and repe l  t he  bonding electrons even more than i n  t he  dimer, giving 

a smaller shieldingo Reeves and Schneider have suggested t h a t  the  hydrogen 

bonds i n  the  higher polymers a r e  not a s  strong a s  i n  the  dimer, but such 

an argument does not seem reasonable because the polymers a r e  formed I 

preferen t ia l ly  a t  higher concentrations and the  in f ra red  s h i f t s  show the  

higher polymers t o  have much stronger hydrogen bonds. 

It i s  a l so  possible t h a t  monomer-like protons on the  end of a polymer 

chain would bring the  average observed s h i f t  back toward the  higher 

shielding. However, polymers of any reasonable s i z e  would contain several  
- .  

more bonded protons than unbonded protons, and unless the  bonded proton' 

s h i f t s  were l i t t l e  more than i n  the  dimer, they should outwei&;the un- 

bonded contributions. 

A t h i r d  possible explanation may l i e  i n  t h e  f a c t  t h a t  i n  the  higher 

polymers the  0--0 distance i s  considerably smaller than i n  the  dimer (formic 

ac id  dimer i s  2.73 A, polymer ( so l id )  is  2.58 A ) .  . I n  such a case. the  

e lectrons of the  second oxygen .actually contribute towards shielding'  the  

proton i n  addit ion t o  the  e l e c t r o s t a t i c  e f f ec t .  Whether the  extent t o  

which the  second oxygen's e lectrons ac tua l ly  bond with the  proton and 

contribute t o  the  s h i f t  i s  s ign i f ican t  remains t o  be seen. It would be 

in t e r e s t i ng  t o  observe the  proton s h i f t s  of  systems i n  which the  0--0 

distance i s  extremely short  and determine whether t h e  sh,%$lding i s  a t  
1; 



higher f i e l d  than observed fo r  greater  0--0 distances. Several molecules 

a r e  known i n  which the bond i s  short  because of s t e r i c  reasons. Examples 

a re  maleic acid (2.46 A )  and N i  -dimethylglyaxhe (2.44 A)  . 
It has not been possible t o  observe these cur~~puunds i n  noill.lydrsgen- 

bonding solvents, even a t  high temperatures, because of the l imited 

so lub i l i t i e s .  It would be convenient t o  do so, since then only the 

.hydrogen bonds of the molecule or' lntenoest would be ubse~.vetl. Bescral 

sofutfons of maleic acid i n  aCetOne have beell t~ieasu~ed and an ex%rn=polation 

of the s h i f t s  toward pure maleic acid  iadj.cates tha t  the s h i f t  i n  the 

absence of bonding with acetone i s  about 250 cps below a,benzene reference. 

This i s  a l i t t l e  higher than i s  usually observed f o r  hydrogen-bonded 

acids (300-400 cps), but not appreciably so. Since t h i s  average 

s h i f t  includes the in te rna l ly  bound hydrogen a s  well as  the hydrogen 

bond i n  the  dimer, the higher observed shielding m y  r e f l e c t  a higher 

shielding i n  the  in te rna l  bond. 



e HYDROGEN BOWDING IN ALCOHOIS . , 

Although the association of alcohols in the vapor phase and in solids 

has been studied by several investigators,51 systems of alcohols in 

solution have been of primary interest. Infrared methods have been used , 

most widely, and it has been possible to distinguish inter- and intra- 

4 molecular hydrogen bonds. Spectra of numerous alcohols in solvents such 

as carbun tetrachloride show,a characteristic OH stretching band at about 
. . 

3650 cm'l0 A second band at 3500 cm-l has been attributed to dimers, 

while a broad band centering around 3380 cm-l is presumably due to several 

indistinguishable higher polymers. Matrix isolation investigations have 

thrown some light on individual polymers. 52 

Alcohol association has been a popular subject for NMR investigation. 11 

Several studies have been made of the ' shifts caused by con- 

centration and temperature variations. Becker et al.have studied the 

4 ethanol-CC1 system and estimated the extent of the monomer-dimer equili- 

brium.14 More recently Saunders and Hyne have analyzed several alcohol- 

CC14 systems in terms of the predominant equilibria.13 There have been no 

systematic temperature studies using NMIl methods, however. 

In the present study shifts have been measured for the hydroxyl 

protons of methanol, ethanol, isopropanol, tertiary butanol, in CC14 

at several temperatures. In addition, the ethanol-benzene system has been 

investigated. The shifts measured for these solutions are listed in 

Tables VIII to XII. All of the shifts have been reported relative to the 

methyl protons of the alcohol under inyestigation. 'This refgrence was 
I' 

chosen since the methyl resonances were found by measurements with both 

external and internal references to be unaffected by changes in hydrogen 



l 
'\ 

bonding. Hence they are more satisfactory as an internal reference than 

bulk susceptibility corrections with an external reference. For comparison, : 

external references will be cited later. 

There have been two approaches to the analysis of M shifts for 

alcohol systems. The first of these considers the monomer-dimer 

equilibrium at low concentra$ions ,for which there is considerable infrared 

data available. The second approach assumes that there is only one predomin- 

ant equilibrium (say monomer-trimer) and the data is fit w i t h  an appropriate 

equilibrium constant and polymer shiT.1;. The present results have been 

analyzed by both methods. Since the monomer-dimer equilibrium is unique 

at very low alcohol concentrations, it is convenient to attempt to obtain 

as much information as possible about this system and apply this knowledge 

to the analysis at higher concentrations. 



Table VIP1 

. - 

Chemical s h i f t s  of methanol i n  carbon tetrachloride solutions 

X a l c  - 

6 (cps from methyl. peak) 



Table I X  

Chemical s h i f t s  of ethanol i n  carbon te t rach lor ide  solutions 

X 
a l c  - 

6 ( cps from methyl peak) 



Table X 

' I  

chemical s h i f t s  of ethanol i n  benzene solut ions  

6 (cps from methyl peak) ' 

X 
a l c  - 

1 .oo 

0.504 



Table X I  

Chemical s h i f t s  of isopropanol i n  carbon tdt rachlor ide  solut ions  , 

X 
a l c  - 

6 (cps from methyl peak) 



Table XI1 

Chemical s h i f t s  of t-butanol i n  carbon te t rach lor ide  solutions 

6 (cps from methyl peak) 

X a l c  - 



The Monomer-Dimer Equilibrium 

Infrared studies indicate that.the monomer-diner equilibrium is most 

important at low concentrations of alcohol in an inert solvent. If it is 

assumed that the concentration of higher polymers is- insignificant, then 

the observed shift in such a system is again given by Eq. (I), for two 

hydrogen 'bonds in each'dimer molecule. The equilibrium constant will 

again be given by Eq. (2). In very dilute solutions we have 2s >> a + m, 

so that 

Substituting this expression for (a - m) into Eq. (1) and noting that as 
the concentration of alcohol approaches zero we have m % a and x .L a/s, 

we obtain for Eq. (1) 

Taking the partial derivative with respect to the rliole fraction of alcohol, 

we obtain 

It is seen that if only the monomer-dimer equilibrium is involved, 

a plot of 6 as a function of the mole fraction of alcohol should approach 

a straight line atlinfinite dilution. From the slope of this line and the 

values of 6M and 6 the equilibrium constant can be calculated by Eq. (6). 
D ' 



The monomer shift 6 can be estimated from the extrapolation of 6 to M 

infinite dilution, if it is assumed *at the alcohol is completely in the 

monomer form. The 'dimer shift, however, cannot be obtained directly, 

since higher polymers form.at moderate concentrations, and the shift 

measured for the pure alcohol, for example, is largely the result of 

several polymer shifts. It should be pointed out that even if the dimer 

contains only one hydrogen bond, the linear relation (6) is still valid 
(I so long as 6 represents the average" shift of a dimer molecule. D 

Although it is p~t~possible to calculate K2 without knowledge of the 

dimer shift, it is still possible to estimate the fYi of dimerization since 

a plot of log K2 1/T is equivalent to a plot of log (a6/ax) - vs 1/T. 

If we.assume 6 and BD to be essentially unchanged by a moderate change M 

in temperature, the term log (11%) is only an additive constant for any 

given alcohol,system, so that the log K vs 1/T plot is equivalent to a - 
plot of log (a6/ax) vs 1/T. Thus if the slopes of the shift vs concentration - - 
curves at several temperatures are obtained, LVI can be estimated from the 

slope of the log (&/ax) - vs 1/T plot. 

This has been done for each of the alcohol systems studied and the 

slopes, monomer shifts, and heats of d'berization obtained are listed in 

Tables XI11 to XVII. A typical 6 vs x curve at low concentrations is - 
illustrated in Fig. 6 and the log (a6/ax) vs 1/T curves are illustrated in - 
Fig. 7. In addition to slopes obtained from the ex-perimentdly measured 

0 
shifts, similar 6 vs x curves were drawn at.10 intervals, the shifts at - 
these temperatures being obtained from 6 vs T'curves for each solution. - 
These results are included in the data. The reported errors in CIH are 

compounded from. the estimated errors in measuring the slopes and the resulting 

deviations in the slopes of the log (&/ax) vs 1/T curves. - 
, . a ,  k 



The calculated heats of dimerization are interesting.in several 

respects. It is seen that AH decreases with increasing molecular weight 

6 
of the alcohol. This behavior was observed by Liddel and Becker. These 

results, in fact, agree remarkably well with the calculations of &I 

for methanol, ethanol, and tertiary butanol in carbon tetrachloride 

from infrared data which were -9.2 + 2.5, -7.2 + 1.6, and -5.4 + 1.8 kcal - - - 
- 1 

mole , respectively. The LYI for isopropanol lies between those of 

ethanol and tertiary butanol; it was not measured by infrared ~tudies. 

The cause of this variation is not cIear. It is conceivable thwL 

the trend may only be apparent since the limits of error estimated for 

the heats of all of the alcohols might be considered to have a @I-I of 

about -7 kcal mole-'. On the other hand, this decrease of &I with 

increasing size of the alcohol molecule may.reflect either steric or 

electronegativity effects on the strength of the hydrogen bond. It is 

possible, for example, that the formation of a dimer is less favorable 

sterically when there are larger hydrocarbon chains attached to the . 

hydroxyl group. This might' be particularly important if the dimer is 

cyclic, in which case a special orientation of the molecules would be 

required for the most' favorable bonding. However, the 0-H stretching 

frequency does not shift appreciably differently for the different 

alcohols, as might be expected if the strength of the hydrogen bonds 

varied greatly. In fact, the 0-H stretching frequency shifts slightly 

further in the case of the larger alcohol.:molecules indicating stronger 

6 
hydrogen bonding. 

It is also possible that differences in heats of solvation of the 

monomer and dimer species for the various alcohols might lead to the 

observed trend, although there is no considerable evidence to anticipate 



Table XI11 

Limiting slopes of methanol in carbon . , tetrachloride solutions, 

monomer shifts, and calculated enthalpy of dimerization 

(aslax) 6~ 

T( OC) (cgs/mole fraction alcohol) (cps from methyl peak) 

20 1120 173 -0 

Average ,172.6 



Table X I V  . . 

- - -- - - -  

Limiting slopcs of ethanol i n  carbon tetrachloride soll.~t.ion.s, 

monomer s h i f t s ,  and calculated enthalpy of  dimerfzation 

(AH = -7.4 5 2.0)  . . 

- ---,-. --- 
( as/ ax > 6~ 

T (OC) (cps/mole f r ac t i on  alcohol)  (cps from methyl peak) 

Average 



Table XV 

Limiting slopes of ethanol i n  benzene solutions,  monomer 

sh i f t s ,  and calculated enthalpy of dimerization 

( as/ax 1 34 
( cps/mole f rac t ion  alcohol) (cps from methyl peak) 

/ 

Average 31.3 



Table XVI ' 

Limiting slopes of isopropanol in carbon tetrachloride solutions, 

monomer shifts, and calculated enthalpy of dimQrization 

(& = -6.5 - + 1.5) 

(as/ax> 

T (OC) (cps/mole fraction alcohol) (cps from methyl peak) 

- 20 Jig0 18.0 

2 5 430 17.4 

30 338 20 .0 

36 260 22 .o 

40 230 21.5 

Average 20.5 
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Table XVII 

Limiting slopes of teftiary butanol in carbon tetrachloride solutions, 

monomer shifts , and calculated enthalpy of dimerizat ion 

( cps/mole fraction alcohol) ( cps from methyl pe.ak) 

25.1 

24.9 

25.0 

25.2 

Average 25.1 



Fig. 6. C h r ~ n i c a l  shif ts  of t e r t i a r y  butanol in CC14 
solutions at  21°C. 
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Fig. 7. Effect of tempera ture  on monomer-dimer 
equilibria in alcohols in CC14. 



such an effect. It has been suggested that the presence of various amounts 

of both cyclic and linear dimers with their own characteristic heats of' 

dimerization might "bring 'about such a trend as observed here. 

In addition to'the trend observed for the different alcohols it is 

also seen that the heat of dimerization of ethanol is less in benzene 

than in carbon tetrachloride. This behavior is not unexpected because 

a number of hydroxyl systems are known to associate to some degree with 

benzene. Such an association of the ethanol monumer with the benzene 

solvent would necessa~fly lower the heal; of dimerization if thc dimer 

molecules were not equally solvated. 

Another interesting observation is that these heats of dimerization 

are rather larger than would be expected for systems of this sort. The 

heat of dwerization of carboxylic acids which form stronger hydrogen 
> - 

bbnds, for example, is of the order; of 7 to 8 kcal. mole" of dimer in 

carbon tetrachloride. Liddel and Becker have suggested t h a t  the high 

AH is evidence for a cyclic dime? in which tho hydrogen bonds, although 

each is weaker than the usually preferred linear bond, contribute to give 

a larger total heat of dimerization. 
b 

The calcul&tion of K2 from Eq. (6) is a more difficult problem because 

6 cannot be measured.directly. As a first approximation, it ,has been 
D 

common to assume that the chemical shifts in hydrogen-bonded systems 

are roughly proportional to the infrared stretching frequency shifts. 

However, Becker et a1 have suggested a method of estirnat*tjD more 

exactly.14 in their spectroscopic measurements of the band intensities 

of methanol, ethanol, and tertiary butanol, they obtained values of 

-1 
E /E' for the band near 3630 cm at a number of concentrations and 
m m 

temperatures. Here E is the apparent absorption coeffici.ent and E" m m 
1 



is the true absorption coefficient obtained at infinite dilution. Assuming 

that this band measures all the unbonded alcohol protons, whether on a 

monomer molecule or on the end of a polymer chain, they could calculate 

the fraction of nonbonded protons, )I, from E ~ / E ;  and x. 

If Eq. (1) is expressed in tehs of unbonded and bonded proton shifts, . 
it becomes 

where it is assumed that all nonbonded protons experience the shielding 

of the monomer and €ib is the average shielding of a bonded proton. Since 

p can be obtained from the infrared measurements and 6 is measured by 

NMR, 4, can be calculated for each solution. This has been done for 

ethanol at 25'~ by the use of Becker's infrared data. The values bf )I 
' ' 

1. . 
: and- % are included' in Table XIILII. It can be seen that at higher 

0 
concentrations at 25 C, 4, is fairly constant, but below about 0.02 

mole fraction of alcohol, . . it drops suddenly to a lower value. In.this 

0 
case at 25 C, 4, fluctuates around an average of 102 cps. This behavior 

is a strong indication of two quite differenbkinds o f  polymer shifts, 

and since the monomer-dimer equilibrium is of greater importance at the 

lower concentrations,.it seems reasonable to assume that the 4, in this 

I region represents the actual value of 4,. On this assuuiption, K2 can 

I - now be calculated from Eq. (6). 

The monomer shifts are essentially unchanged by temperature. 

Without further information, it is impossible to tell whether the dimer 

shift would be affected by temperature. The calculated dimer shifts 

for the carboxylic acids were reasonably constant, but the weaker 

alcohol dimers might show a greater temperature effect. If it is 

I 



Table X V I I I  

Calculated p and % f o r  e thano l . i n  carbon te t rach lor ide  a t  

2 5 ' ~  from inf ra red  measurements 14  

6 

x (cps from methyl peak) P n, ( c P ~ )  
a l c  



assumed tha t  b and 6 a re  both constant , then 4, i s  about 102 cps a t  a l l  
M D 

temperatures and K can be calculated a t  each temperature. The values 
2 

obtained with these assumptions a re  l i s t e d  i n  Table XIX. I n  t h i s  

calculation cyclic dimers with two hydrogen bonds haye a lso  been assumed. 

Linear dimers would have a $ half as  great, since one of the two protons 

would have a monomer shielding, and ' the resul t ing equilibrium constants 

would be twice those i n  Table X I X .  

The monomer s h i f t s  fo r  ethanol i n  benzene appear t o  be the s m e  as 

i n  carbon tetrachloride,  which indicates tha t  any solvent e f f ec t s  a re  not 

apparent i n  the monomer s h i f t  as  opposed t o  the carboxylic acids, where a 

strong ef fec t  i s  believed t o  be 'indicated. It seems reasonable t o  assume 

tha t  aD would be the same i n  t h i s s o l v e n t ,  and on the assumption t h a t  0 
i s  constant a t  a l l  temperatures, the values of K, obtained from Ego (6) 

C 

a re  l i s t e d  i n  Fable MIX. These a re  again f o r  the cyclic. dimer. 

There is  insuff icient  data  t o  determine the  dimer shieldings f o r  

the other alcohols studiedo It would be tempting t o  assign a dimer s h i f t  

on the 'basis of the infrared sh i f t s ,  but without absorption-c~e'fficient 

. data  of the so r t  used t o  c.alcuQte 4, for  ethanol, i t  does no t  seem 

warranted t o  calculate  constants f o r  the other aicohols.. Certainly the  

dimer s h i f b  should be of the  same order of magnitud.e, and i t  i s  obvious 

from the slopes of 6 vs concentration t h a t  i n  such a case the  equilibrium - 
constants f o r  dimerization at,room:temperature increase i n  the order 

isopropanol, t e r t i a r y  butanol,' methanol, and ethanol, 'with the constant 

f o r  ethanol i n  benzene . less  than i n  c a r k n  tetrachloride.  

The increase in 'constant  from methanol t o  ethanol i s  i n  agreement 

with the infrared r e su l t s  obtained by Liddel and l3ecke2 and with the  - . .  _ _ _ _  _ .  

slopes obtained from the NMR data  a t  ' room temperature by Saunders and Hynes . 13 



Table XIX 

Equilibrium constants f o r  dimerization of ethanol i n  

carbon te t rach lor ide  and benzene 

K i n  benzene 2 

Pi, 

22 

30 

3'7 

39 

49 

50 

5 4 

96 

' 60 



However, the results for tertiary butanol are quite different; both the 

previous investigations 'found the tertiary butanol equilibrium to be 

slightly higher than that for ethanol. It is difficult to account for 

the discrepancy. It is possible that the presence of water in the 

tertiary butanol samples brought the average shift to an equilibrium 

value at greater concentrations resulting in a nearly flat slope even 

at room temperature. It is interesting that the slopes in this case 

give such good agreement with the infrared results for the heat of 

dimerization. 

It must be emphasized that all of the preceding analysis is dependent 

upon the limiting slopes' of the shift. - vs mole-fraction curves at infinite 

dilution. The measurements were limited in the low-concentration . . region 

by the signal-to-noise. ratio ,of the variable-temperature .insert, and 

it is quite possible that despite the apparently good straight lines 

that could be drawn, lower limiting slopes would have been obtained if 

measurements could have been made at lower concentrationso On the other 

hand, at the higher temperatures it seems more likely that higher polymers 

would have interfered to a much less extent.. .If the lower-temperature 

slopes should actually have been less, then the resulting heats of 

dimerization would be smaller than reported. .Mevestheless, the data 
I 

fitted reasonably good log ( slope) ' - vs 11'6 linesb 



Monomer Shieldings 

A comparison of the  monomer s h i f t s  obtained by extrapolation t o  

i n f i n i t e  d i l u t i on  i s  a l s o  of i n t e r e s t .  The measured s h i f t s  a r e  collected 

i n  Table XX. Also shown are  the  monomer s h i f t s  of the  respective alcohols 

i n  d i l u t e  carbon te t rach lor ide  solut ion measured from an external  water 

reference contained i n  a coaxial  annular cylinder and the  monomer s h i f t s  

measured r e l a t i v e  t o  an i n t e r n a l  benzene reference. It i s  seen t h a t  the  . . 

monomer proton i s  progressively l e s s  shielded a s  the  s i z e  of the  alcohol 

increases except t h a t  isopropanvl 1s very  s l i g h t l y  below t c r t i a r y  butanol. 

A s imi la r  decrease of the  0-H s t re tch ing  frequency of t he  monomer has 

been observed f o r  the  s e r i e s .  While t he  infrared frequencies are  

consis tent  with t he  common view t h a t  t he  e lec t ronega t iv i t i es  of the  

hydrocarbon groups decrease i n  the  order methyl, e thy l ,  isopropyl, 

t e r t i a r y  butyl ,  t he  monomer s h i f t s  do not f i t  t h i s  pat ter .n . in  t h a t  the  

more electronegative group would be expected t o  lessen the  proton shie lding 

because of t he  smaller penetra t ion of t he  proton i n t o  t he  e lectron cloud 

of the bond6 It would stppear t h a t  t he  sb.icl.di,ng of' the  hydroxyl proton 

i s  grea t ly  a f fec ted  by other  e lec t ron ic  c i rcu la t ions  i n  the.molecule and 

i s  not a simple function of the  extent t o  which t he  proton i s  surrounded 

by the  e lectrons  i n .  the  0 - H  bond.' Another indicatiori of such' an e f f e c t  

may be the  apparently high monomer shie ldings  i n  t he  carboxylic acids  ( t he  

benzoic ac id  curve i n  Fig.  5 l e v e l s ' o f f  between 400 and 450 cps above 

benzene), which appear t o  be a t  l e a s t  a s  high as those ,of  the.alcohols.  
. . 

One would expect t he  more ion ic  protons of t he  acids  t o  be l e s s  shielded.  



Table' XX 

-- 

Comparison of monomer s h i f t s  of the alcohols 

Alcohol SM (benzene r e f .  ) SM (methyl peak r e f .  ) % ( ~ ~ 0  re f .  ) 

Methanol 411 .O 172.6 254.8 

Ethanol 

Isopropanol 

Tert iary butanol 395.1 25.1 238 .;) 



Higher Polymers in Ethanol 

It is possible to analyze the shifts of these alcohols in terms of 

equilibria involving polymers larger than the dimer by a method somewhat 

similar to that used for the carboxylic acids but having the advantage 

that a more complete concentration range can be coveredo That is, suppose 

that there is only one important polymer in addition to the monomer 

molecules. Then the equilibrium constant for the system is 

where n signifies the polymer containing n molecules. The shift, observed 

is then given by 

n xM€jhl + nx K 6 M n n  .: 8 = 9 

where En is the 'shift characteristic of 'the nth polymer- Thi s  equation 

is merely Kq. (1) expressed in terms mole fractions a d  the equSl5briilill 

constant. If all the hydroxyl protons in the polymer are involved in 

equivalent hydrogen bonds thenbn is the shift for one of thesr hydrogen- 

bonded protons. If there are any unbonded protons, however, 6 is again n 
11 an average1' shift of all the protons in the polymer. 

Saunders and ~yne') have'used Eq. ( 9 )  in an analysis of several alcohol 

systems by adJusting Kn and 6 until the calculated shifts fit the 
n. 

experimental shifts. Their approach, however, neglects the monomer.-dimer 

equilibrium which is known to exist and which may impair the usefulness 

of their conclusions. 



It is possible to use the results of the preceding section in the 

following way. Assume that in addition to the monome'r-dimer equilibrium 

there is an equilibrium involving one larger polymer containing n unit 

molecules and having a characteristic shift 6n, and that this equilibrium 

is expressed by an eiuilibrium constant (8). In this system the 

observed shift will be 

Now 6 is known from the straight-line infinite-dilution extrapolations M 

of the preceding section, and from Liddeh and Becker's infrared data we 

have deduced G1) and K2 for ethanol. Thus the only undetermined quantities 

are Kn and 6 . By assuming a certain polymer, say a trimer, and adjusting n 

K and 6 to give shifts that fit those experimentally observed,:we may 
n n 

obtain information about possible higher polymers in the system. ' 

An analysis of this sort has been attempted for ethanol in carbon 

0 
tetrachloride at 22 C, both by assuming only monomer-higher-polymer 

equilibrium.and by assuming a monomer-dimer-higher-polymer equilibrium. 

In the former case it was found that the only satisfactory fit of the 

data was obtained by assuming a tetramer. The shifts and equilibrium 

4 
constant giving this fit were t$ = 18 cps, a4 = -260 cps, K = Ix 10 . M 4 

The curve is illustrated in Fig. 8. It can be seen that a fit does not 

occur in the middle concentration region where the slope should be 

steeper. This equilibrium constant is larger than that found by Saunders 

and Hyne for a tetramer model, and the tetramer shielding is farther from 

the monomer than found by them. This is caused primarily by slightly 

higher measured shifts in the region x = 0.01 to 0.05 in this study than 

measured by Becker et al. 
14 



Taking into account the dimer equilibrium as expressed in Eq. (lo), 

we found that three higher polymers gave apprbximate fits, although none 

of them were r e a l l y  exact fits. The best curves obtained are shown in 

Fig. 9 and the corresponding parameters 1isted.in Table XXI.  Not even 

approximate fits were found for other polymers. The pentamer and 

hexmer appear t o  give the best f i t s  except f o r  t h e  lower concentrat ion 

region. Higher polymers deviate widely from the measured shifts in this 

region. The lower polymers will fit the low concentration shifts but not 

the higher region as seen to some extent for the tetramer. 

These results seem to Indicate that the polymers present in el;hariol- 

carbon tetrachloride solutions cannot be readily distinguished. Indeed, 

13eckerS3 has pointed out that several polymers are indicated in the 

behavior of the broad OAband at 3380 cm-i9 and the EIMR shifts q e  

themselves averages of all the species present.. In fact, the rather 

close fit of the monomer-tetramer curve in Fig. 8 indicates that the 

presence and extent of the monomer-dimer equilibrium is not necessarily 

proven by the NMR analysis. The calculated values of 4, in Table XVIII, 
however, are a strong indication of the dimer, or at least of two 

predominant types of bonding in the system. For many of the alcohols 

around room temperature, the straight line portions of the 6 vs x 

curves are not long and the limiting slopes may not necessarily be due 

to the dimer alone. However,. at the higher temperatures, long straight 

portions are observed and the monomer-dimer equilibrium certainly is more 

predominant. only the monomer-dimer equilibrium would give a .straight- 

line approach to infinite dilution. It seems likely, therefore, that the 

dimer species is present. 



0.01 0.1 

Mole fraction ethanol 

Fig. 8. Approximation of ethanol - :CCl,  sys t em by . 
monomer - t e t r amer  model. 



Mole fraction ethanol 
hAll . l7gU I 

Fig. 9 .  Approximation of ethanol- CC l4 s y s t e m  by  
monomer  -d imer  -polymer  model. 



Table XXI 

.Polymer shieldings and equilibrium constants for ethanol in 

carbon tetrachloride for a monomer - dimer - polymer model 

Polymer 8n (cps from methyl peak) 

Monomer 

Dimer 

Tetramer 

Pentamer 

Hexamer 

l'x 10 
4 

1 x 10 6 



CONCLUSIONS 

The measurements and analyses made in 'this study generally indicate 

that the stronger the hydrogen bond formed, the greater is the observed 
\ 

shift to lower shielding- However, in the case of the higher polymers of 

carboxylic acids, there is some indication that a reversal of this trend 

might occur when the 0--0 bond distances become very small. Although there 

is Sbme iiiicertainty re'gapding the errors in the calculations, the analysis 

of the acid-benzene systems indicates an association of the monomer 

species with the solvent. Apparently the unassociated acid protons are 

shielded to approximately the same extent as unassociated alcohol protons 

if not more so. 

The shifts observed for both alcohol and acid monomers do not 

correspond directly to the shieidings that would be expected on the basis 

of electronegativity effects alone: It is interesting also that steric 

factors evidently play a part in the heat of dimerization of the alcohols; 

the higher alcohols were found to have progressively smaller heats of 

association. 

1t cannot be shown unambiguously by NMR measurements that. there is a 

monomer-dimer equilibrium at low temperatures in the alcohols although 

the use of infrared measurements strongly indicates a characteristic dimer 

shift. A t  higher temperatures, straight-line approaches to infinite 

dilution are better evidence for this equilibrium. Further infrared 

analysis combined with NMR measurements would undoubtedly throw more 

light on the constancy of % and on the &I of polymerization. 



It appears that.a monomer-tetramer model will fit the observed 

shifts for ethanol as will several other models involving the dimer and " 

higher polymers. While these might be usef'ul for describing an average 

behavior of the ethanol-carbon tetrachloride system, they do not show 

with certainty what polymers are actually present. 
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T h i s  r e p o r t  was  p r e p a r e d  a s  a n  a c c o u n t  o f  G o v e r n m e n t  
s p o n s o r e d  w o r k .  N e i t h e r  t h e  U n i t e d  S t a t e s ,  n o r  t h e  Com- 
m i s s i o n ,  n o r  a n y  p e r s o n  a c t i n g  on b e h a l ' f  o f  t h e  C o m m i s s i o n :  

A .  Makes a n y  w a r r a n t y  o r  r e p r e s e n t a t i o n , .  e x p r e s s e d .  o r  
i m p l i e d ,  w i t h  r e s p e c t  t o  t h e  a c c u r a c y ,  c o m p l e t e n e s s ,  
o r  u s e f u l n e s s  o f  t h e  i n f o r m a t i o n  c o n t a i n e d  i n  t h i s  
r e p o r t ,  o r  t h a t  t h e  u s e  o f  a n y  i n f o r m a t i o n ,  a p p a -  
r a t u s ,  m e t h o d ,  o r  p r o c e s s  d i s c l o s e d  i n  t h i s  r e p o r t  
may n o t  i n f r i n g e  p r i v a t e l y  owned r i g h t s ;  o r  

B. Assumes a n y  l i a b i l i t i e s  w i t h  r e s p e c t .  t.o t h e  u s e  o f ,  
o r  f o r  d a m a g e s  r e s u l t i n g  f r o m  t h e  u s e  o f  a n y  i n f o r -  
m a t i o n ,  a p p a r a t u s ,  m e t h o d ,  o r  p r o c e s s  d i s c l o s e d  i n  
t h i s  r e p o r t ,  

A s  u s e d  i n  t h e  a b o v e ,  " p e r s o n  a c t i n g  o n  b e h a l f  o f  t h e  
C o m m i s s i o n "  i n c l u d e s  a n y  e m p l o y e e  o r  c o n t r a c t o r  o f  t h e  Com- 
m i s s i o n ,  o r  e m p l o y e e  o f  s u c h  c o n t r a c t o r ,  t o  t h e  e x t e n t  t h a t  
s u c h  e m p l o y e e  o r  . c o n t r a c t o r  o f  t h e  C o m m i s s i o n ,  o r  e m p l o y e e  
o f  s u c h  c o n t r a c t o r  p r e p a r e s ,  d i s s e m i n a t e s ,  o r  p r o v i d e s  a c c e s s  
t o ,  a n y  i n f o r m a t i o n  p u r s u a n t  t o  h i s  employment  o r  c o n t r a c t  
w i t h  t h e  C o m m i s s i o n ,  o r  h i s  e m p l o y m e n t  w i t h  s u c h  c o n t r a c t o r .  




