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Abstract--The infra-red spectra of methanol, ethanol and t-butanol have been investigated 
in the 3 # region (fundamental frequency of the OH stretching vibration). The alcohols were 
studied in CC14 solution over a concentration range 0.005-1.0 M and a temperature range 
--15 ° to +60°C. Quantitative measurements of the intensity of the sharp OH band near 
3630 cm -1 yielded values for the equilibrium constants and the following values for the 
enthalpies of dimer formation: methanol, 9.2 ± 2.5; ethanol, 7.2 ± 1"6; t-butanol, 4.8 ~= 1-1 
kcal/mole of dimer. Integrated intensities are given for the dimer band near 3500 em -1 and 
the polymer band near 3350 em -1. The high values of AH, together with the frequency shift 
and intensity data, suggest that  the alcohol dimer is cyclic with two non-linear hydrogen bonds. 

THE study of hydrogen bonding (H-bonding) in alcohols has been the subject of 
numerous investigations, many of them utilizing infra-red spectroscopy. The 
general spectral characteristics of H-bonded alcohols in the fundamental OH 
stretching region were established over 20 years ago by ERHERA et al. [1]. Fig. 1 
shows spectra of t-butanol at several temperatures and concentrations. The plots 
are typical of all the lower alcohols. The sharp band in the region of 3630 cm -1 
decreases in peak height with increasing concentration and is clearly assigned to 
the OH stretching mode of alcohol monomers. The broad bands at lower frequencies 
(3300-3500 cm -1) increase in intensity with increasing concentration and are 
assigned to OH stretching vibrations in H-bonded alcohol molecules. 

Following EHHEHA'S work Fox and ~¢~ARTI~ [3] made extensive studies of the 
spectra of benzyl alcohol, while ~¢[ECKE and his collaborators [4, 5] have investigated 
the OH stretching modes of alcohols in both the fundamental and overtone regions. 
Both groups interpreted their results in terms of chemical equilibria between 
various H-bonded species. SMITH and CREITZ [6] studied the spectra of several 
sterically hindered alcohols, and COGGESHALL and SAIER [7] determined equilibrium 
constants for H-bond formation in some of the lower alcohols. KUHN [8] examined 
the spectra of a large number of alcohols and diols. Recently Egs and ~UHRAY [9] 
studied the first overtone spectra of several alcohols, and FISHMAN and DHICKAMER 
[10] reported the effect of pressure on the spectrum of n-butanol. Measurements 
of the intensity and frequency of infra-red bands attributed to H-bonded alcohol 
molecules have been given by TSUBOMURA [11] and by FI~c~ and LrePI~COTT [12]. 

Other physico-chemical measurements have also provided information on 
H-bonding in alcohols. WELT~ER and PITZER [13] deduced values for the energy 
of H-bonds from measurements of the gas phase heat capacity of methanol; 
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Fig. 1. Absorp t ion  spec t rum of  t-butanol.  ( a ) - -12°C;  (b) 25°C; (c) 50°C. Absorp t ion  
coefficient (c¢ or e) is defined a~ (1/Cd)(log,o Io/I), C in moles/L, d in cm. (This figure has  

appeared  in the  Transact ions  of  the  New York  Academy of  Sciences [2]. 
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STAVELY and TAYLOR [14] reported on the viscosities of dilute solutions of alcohols 
in " iner t"  solvents; CALDWELL and BABB [15] studied diffusion in the methanol-  
benzene system; BOUD et al. [16] investigated the molecular polarization of 
alcohol solutions in non-polar solvents; SCXTC~ARD et al. [17] measured the 
vapor pressure of methanol dissolved in CC14; BROW~, FOCK and SMITH [18] 
determined the heats of mixing of ethanol and i sopropano l  with several non-polar 
solvents; SAROLEA-~C[ATttOT [19], K~ETSCHMER and WIEBE [20], and BARKER 
and SMIT~ [21] applied statistical theories of association to alcohols in CCla; and 
BONDI and SIMKI~ [22] estimated H-bond energies from the heats of vaporization 
of aliphatic alcohols.* 

Virtually all investigators agree tha t  a solution of an alcohol in a non-polar 
solvent such as CC14 consists of a variety of H-bonded species, as well as unas- 
sociated monomers. However, there is controversy over the sizes, shapes and 
relative numbers of H-bonded molecules. Viscosity data  [14] indicate an absence 
of dimers, with only trimers and higher polymers as H-bonded species. Likewise, 
the infra-red data  of KREUZER and ~¢[ECKE [4a] show tha t  there are practically no 
dimers, and MECKE [4b] proposes tha t  cyclic trimers are the smallest stable 
H-bonded alcohol molecules. On the other hand, a number of investigations 
have provided strong evidence for the existence of dimers. Fox  and MARTIN [3] 
were able to show tha t  the peak height of the band at 3500 cm -1 in benzyl alcohol 
varied as the square of the total  alcohol concentration and assigned it to a dimer. 
SMIT~ and CRE~TZ [6] confirmed the assignment for the corresponding band in 
2,4-dimethyl-3-ethyl-3-pentanol. They used the concentration variation of the 
height of this band as well as tha t  of the monomer band (3625 cm -1) to calculate 
the equilibrium constant for formation of dimers. COOOES~ALL and SAIER [7] 
studied the concentration dependence of the peak heights of the monomer bands 
in several simple alcohols and determined equilibrium constants for formation 
of dimers and higher polymers. 

The structure and shape of the hydrogen bonded species of alcohols have also 
been a matter  of some controversy, with advocates of both cyclic and open (chain) 
structures. Of particular interest is the structure of the dimer (assuming tha t  
it exists) since a cyclic structure would require non-linear H-bonds. Fox  and 
~¢[ARTIN [3] presented evidence against an open dimer, but SMITH and CREITZ [6] 
strongly favor an open dimer because of the presence of a band at 3619 cm -1 in 
2,4-dimethyl-3-ethyl-3-pentanol, which they attr ibute to the non-bonded hydrogen 
of the dimer. (In this alcohol the monomer OH absorption is at  3627 cm-1.) 
VA~ THIEL, BECKER and PIME~TET, [23] have recently used the novel matrix 
isolation technique [24] to s tudy the hydrogen bonding in methanol at 20°K in a 
solid nitrogen matrix. By varying the ratio of nitrogen to methanol they  were 
able to assign the observed frequencies in the 3 /t region to various H-bonded 
species, and from the pat tern of frequency shifts between species they concluded 
tha t  the dimer is very probably cyclic and tha t  the trimer is also likely to be 
cyclic. 

* References 1-22 are not intended to provide a comprehensive account of work in this field. The 
cited articles should be consulted for references to earlier work. Several reviews of H-bending (L. KELLNE~ 
Rep. Progr. Phys. 1952 15 1; M. DAVIES Chem. Soc. Ann. Rep. 1946 48 1; and L. HVNTER Ibid. 1946 
48 141) also provide valuable literature references. 
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I n  t h e  p r e s e n t  w o r k  w e  h a v e  u s e d  c o n v e n t i o n a l  i n f r a - r e d  t e c h n i q u e s  t o  s t u d y  

H - b o n d i n g  o f  m e t h a n o l ,  e t h a n o l  a n d  t - b u t a n o l  s o l u t i o n s  i n  CCI 4 o v e r  t h e  t e m p e r a -  

t u r e  r a n g e  - - 1 5  ° t o  - ~ 6 0 ° C .  T h i s  i n v e s t i g a t i o n  d i f f e r s  f r o m  p r e v i o u s  s t u d i e s  

p r i m a r i l y  i n  t h e  c o v e r a g e  o f  a c o n s i d e r a b l y  b r o a d e r  t e m p e r a t u r e  r a n g e  a n d  i n  

t h e  e m p h a s i s  t h a t  w e  h a v e  p l a c e d  o n  t h e  s p e c t r a l  a n d  t h e r m o d y n a m i c  p r o p e r t i e s  

o f  a s i n g l e  s p e c i e s ,  t h e  d i m e r .  M a n y  e a r l i e r  w o r k e r s  h a v e  p r e s e n t e d  t r e a t m e n t s  

w h i c h  l e d  t o  t h e  c a l c u l a t i o n  o f  a v e r a g e  p r o p e r t i e s  f o r  a v a r i e t y  o f  H - b o n d e d  s p e c i e s .  

Experimental 
All spectral  measurements  were made  wi th  a Pe rk in -E lmer  Model 13 spee t rophotomete r  

(double beam) t h a t  had  been modified to scan and record l inear ly  in f requency  [25]. A cal ibra ted 
L iF  pr ism was used wi th  an es t imated  f requency accuracy of  i 4  cin -1. The  spectral  slit wid th  
was about  9 cm -1 a t  3600 cm -1 and 6 cm -1 a t  3000 cm -1. A scanning ra te  of  125 cm-1/min  
was used. Transmission accuracy  is es t imated  a t  =t=0"5 per  cent  in the  region 30-50 per  cent  T,  
where mos t  measurements  were made,  g iv ing an optical  dens i ty  accura te  to about  1.5 per  cent.  
The  zero and 100 per  cent  t ransmission values  were measured  for each spectrum. A correct ion 
was appl ied for the  false energy,  which was found to be one per  cent  in the  3500 cm -1 region. 
The spect rometer  was desiccated wi th  P205 or Mg(C104) 2 to reduce water  vapor  absorption.  

The  cell employed  for mos t  of  the  measurements*  had  CaF~ windows, was wate r  jacketed,  
and could be var ied  in thickness  f rom 0.1 m m  to 10 zrm~ by  use of  appropr ia te  lead spacers 
or copper spacers and  teflon gaskets.  The  0.1 m m  spacer was measured  by  interference fringes; 
the  others  (0.5 m m  or greater) were measured  with  a micrometer .  The  t empera tu re  of  the  cell 
could be var ied  by  passing th rough  the  jacke t  water  or gylcol solut ion f rom baths  main ta ined  
about  --15 ° and  +60°C. Spectra  a t  in te rmedia te  t empera tu res  were ob ta ined  as the  cell 
warmed  or cooled. I n  these cases the  t empera tu re  change was small  and was always measured,  
while scanning the  spectral  region of  interest ,  wi th  a copper-constant  and  thermocouple  placed 
in the  solution or soldered in the  copper spacer t h a t  formed the  body o£ the  cell. E s t i m a t e d  
t empera tu re  accuracy  is ~=2°C. 

The alcohols were distil led f rom sodium prior to use. Considerable difficulty was encountered  
wi th  the  absorpt ion o£ a tmospher ic  wa te r  by  the  CC1 a, and a special procedure was devised to 
d ry  it. The CC14 (Eas tman  spectre  grade) was placed in an  open beaker  in an  evacua ted  
desiccator over  P205 and was al lowed to s tand  a t  least  24 hr  prior to use. I n  order to min imize  
exposure  to a tmospher ic  water  all t ransfers of  CC14 and of  solutions were made  wi th  hypodermic  
syringes or wi th  pipet tes .  Solutions were prepared  by  successive dilutions f rom a concent ra ted  
solut ion (usually 1 M) m a d e  f rom a weighed a m o u n t  of  alcohol. Concentrat ions  should be 
accura te  to one per  cent.  Solutions were prepared  jus t  before use in order to minimize  evapora-  
t ion o£ the  alcohol [26]. 

E a c h  of  the  eight  concentra t ions  be tween  0.005 M and  0.2 1V[ (and in some cases 1.0 M) 
was s tudied as a funct ion of  t empera tu re  in a cell of  appropr ia te  thickness.  Fo r  each cell 
thickness  a CCI 4 b lank was run,  and optical  densities were de te rmined  by  a po in t -by-po in t  
calculation.  The  optical densities were corrected for the  var ia t ion  in the  number  o£ molecules  
in the  l ight  p a t h  due to densi ty  change of  the  solvent  wi th  t empera tu re ,  and  an appa ren t  
molar  absorpt ion coefficient, E, was calculated f rom the  re la t ion ~ ~ (1/Cd) logl0 (Io/I), where U 
is the  to ta l  concent ra t ion  of  alcohol in moles/1, and d is the  cell length  in cm. The  values  of  e 
a t  the  peaks of  the  bands of  interes t  (Ctt  and  OH st re tching modes) were p lo t t ed  vs. t empera tu re  
for each concent ra t ion  and  values  read f rom the  resul tan t  smooth  curves a t  t empera tu re  
in tervals  of  about  10 ° f rom --10 ° to H-45°C. These in terpola ted  values o r s  served as the  working  
da t a  for the  calculat ion of  equi l ibr ium constants .  

* Spectra of ethanol at concentrations higher than 0.2 M were obtained in standard Perkin-:Elmer 
microcells fitted with BaF 2 windows. Thicknesses were measured by interference fringes. The tempera- 
tttre was not measured but is estimated be to 27 ° i 3 °C. 

73 



URNER LIDDEL and  EDWIN D. BECKER 

Results 
Calculation of K and AH. The feature of primary interest is the sharp band 

near 3630 cm -1 (Fig. 1) and the variation of e for this band (designated era) with 
temperature and with concentration. The frequency of the band varies from 
one alcohol to another and is slightly dependent on temperature,  as indicated 
in the first two columns of Table 1. This band is unquestionable due primarily 

Table 1. Frequencies of OH stretching modes 

Monomer Dimer Polymer 

Alcohol 
Frequency A v / A T  Frequency A v / A T  Frequency A~/AT 

at 25°C (cm-1/deg) at 25°C (cm-1/deg) at 25~C (cm-1/deg) 

Methanol 3643 0.08 3528 0.2 3332 0.85 
Ethanol 3634 0.06 3509 0.3 3336 0.8 
t-Butanol 3616 0.06 3492 0.25 3352 0.85 

to absorption by  monomers, although it is possible tha t  non-bonded hydrogen 
atoms of open dimers or polymers absorb at this frequency also [8, 23]. In  0-005 1~ 
solutions, which are sufficiently dilute to preclude formation of an appreciable  
number of alcohol-alcohol H-bonded species, em displays a marked temperature 
coefficient, as shown in Fig. 2 for a typical case. We reported this variation of 
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Fig. 2. Apparent absorption coefiieient, e, for the  3635 cm -1 (monomer) band  of  ethanol  
as a function of temperature at various concentrations. 

O 0.005 M; [] 0.05 M; /~ 0.20 M. 

intensity with temperature previously and at t r ibuted it to a temperature- 
dependent solvent perturbation resembling very weak H-bonding to the solvent 
[27]. HUGHES, ~ARTI~ and COGGES~LL [28] reported a similar effect in long-chain 
alcohols. In more concentrated solutions s m is decreased, especially at lower 
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temperatures, as a result of the depletion of monomers and formation of H-bonded 
species which absorb at other frequencies. The net result, as indicated in Fig. 2, 
is the superposition of these two effects, giving, in general, a maximum value of 
e~ at  an intermediate temperature. 

Values of em at various temperatures were plotted vs. concentration and smooth 
curves drawn through the points. Typical examples are shown in Fig. 3. The 
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em 50 
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Fig. 3. Apparen t  absorp t ion  coefficient, e, for the  3635 cm -1 (monomer) band  of  ethanol  
as a funct ion of concentrat ion a t  various temperatures .  

- -  0°C; - -  __ __ 25°C; . . . .  45°C. 

extrapolation to zero concentration gives the value of em when all alcohol molecules 
are in the form of monomers, and is designated em°. This quant i ty  is, as we have 
noted, temperature-dependent,  but  is assumed to be independent of concentration 
(i.e. to obey Beer's Law) over the concentration range of interest.* 

Analysis of the chemical equilibrium expression for formation of dimer and 
polymer (appendix, 1 and 4) shows tha t  the limiting slope of the s~ vs. C curve 
is related to the equilibrium constant for dimer formation. I f  only monomer 
contributes to s~, the relation is 

(dsm/dC)c=o -~ - -  2 K c e m  ° = - - K x s m ° / 5 ,  

where K c ~ Cd/Cm ~, K x : X ~ / X ~  ~, Cd, C , ,  X d, X ,~  are concentrations and 
mole fractions of dimer and monomer, and K x ---- 10K c for CCl 4. Such a condition 
would be applicable in the low concentration region, where higher polymers are 
unimportant,  if the dimer is cyclic. For an open dimer the non-bonded hydrogen 
might absorb at  almost the same frequency as monomer [8, 23] and thus would 
presumably contribute to the monomer band. I f  the non-bonded hydrogen of 
the open dimer has the same absorption coefficient as the monomer, e~ °, then 
it is easily shown (appendix, 2) tha t  the value of K calculated above should 
be multiplied by 2. (If its absorption coefficient is rein °, then K should be multiplied 

* The effects of  finite resolution discussed by  RAMSEr [29] result  in a correction factor t ha t  is indepen- 
dent  of  optical densi ty  in the  range studied. 
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by 2/(2 -- r).) The dimer equilibrium constant can alternatively be found from 
the limiting slope of a plot of C(sm/s,/) 2 vs. (1 -- s~/sm °) [4], or from the extrapola- 
tion of the function [C(S,,,/S~n°)2]/[1- sm/Sm °] to zero concentration [7]. We 
actually used all three methods to obtain K's for some temperatures and found 
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Fig.  4. Va r i a t i on  of the  equ i l i b r i um c o n s t a n t  for d imer  fo rmat ion ,  K=, w i t h  t empe ra tu r e .  

agreement within the accuracy of the data. Since (1 -- em/e,, °) is a small quant i ty  
at low alcohol concentrations, there is considerable scatter in the plots using tha t  
function. 

Equilibrium constants for formation of cyclic dimers were calculated and 
log10 K plotted vs. 1IT to obtain the heat of formation, as shown in Fig. 4. I t  
should be noted tha t  a similar plot for open dimer K's  would yield the same slope 
and same AH since all K's  would be a constant (~2)  times the K's given for a 
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v(crn "l) 

3500 

3490 
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Fig.  5. F r e q u e n c y  of the  b a n d  near  3510 em -z  in  e t hano l  as  a func t ion  of t empe ra tu r e .  

cyclic dimer. We shall a t tempt  to identify AH with the energy of the dimer 
H-bond (or bonds). This requires the assumption tha t  the difference in solvation 
energy between the dimer and two monomers is negligible. The calculated AH's 
are listed in Table 2, along with H-bond energies reported by other workers. 
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We have  no t  calculated equi l ibr ium cons tants  for fo rmat ion  of  higher  polymers .  
Dimer and polymer bands. The calculat ions of  K and  A H  have  used da t a  

only  for the  height  of  the " m o n o m e r "  b a n d  near  3630 cm -1. Addi t ional  informa-  
t ion is conta ined in the bands  due to associated species at  app rox ima te ly  3500 cm -~ 
and  3350 c m - L  The former  feature  has been a t t r i bu t ed  to dimers [3, 6] and  hence 
is of  considerable interest  in connect ion with the  foregoing calculations.  This 
band  is difficult to  s t u d y  in detail, since it is weak  in compar ison wi th  the  features  

Table 2. H-bond of energy of alcohols 

Alcohol Solvent Species Energy* Investigators Method 

Methanol 

Ethanol 

t-Butanol 

CCI 4 
Vapor 

Vapor 

Liquid 

CC1 a 
CeHe 
CC14 

CC14 

CCI 4 
Liqt 

Cycl~ 
hex e 

CH£ 

CCI 4 
CCI 4 

D i m e r  
Dimer 

Tetramer 

Polymer 

Polymer 
Polymer 
Polymer 

(Dimer ) 
(Polymer) 

Dimer 
Polymer 

Polymer 

Polymer 

Dimer 
Polymer 

9.2 ~= 2.5 
3.2 

6. 

5.5 

4.72 
3.67 
5.15 

3-6 ~= 0.4 

7.2 ~: 1.6 
5.5 

5.4 ~ 1.0 

6.74 

4.8 :t: 1.1 
5.3 :~ 0.5 

This work 
WELTNER and PITZER [13] 

WELTNER a n d  PITZER [13] 

BONDI and SI'~KIN [22] 

MECKE [4b] 
MECKE [4b] 
M~CKE [4b] 

SAROL]~A -MATHOT [19] 

This work 
BONDI and SIMKIN [22] 

K~ETSC~r~mR and WIEBE [20] 

BARKER a n d  SMITH [21] 

This work 
HOFFMANN [5] 

i.r. 
Gas heat 

capacity 
Gas heat 

capacity 
Heat of 
vaporization 

i.r. 
i.r. 
Heat of 

solution 
Statistical; 

i.r. data of 
ref. 5 

i.r. 
Heat of 
vaporization 

Statistical; 
thermo - 

dynamic data 
Statistical; 

thermo- 
dynamic data 

i.r. 
i.r. 

* The values given under this heading for the present work are the enthalpy changes (AH) per mole 
of dimer. For other studies, where polymers are involved, the figure given is generally AH divided by 
the average number of monomerie units in the polymer. The original articles should be consulted for 
more details. 

a t  3630 and 3350 cm -1. There is only a small region of  t empe ra tu r e  and  concen- 
t r a t ion  in which this b a n d  is of  sufficient in tens i ty  to be accura te ly  measurable  
and  ye t  is no t  submerged  in the  ve ry  b road  band  at  3350 cm -1. The f requency  of  
the  3500 cm -1 band  was carefully measured  for the  most  favorable  condit ions 
of  concent ra t ion  and  t empera tu re  for the  three alcohols. A plot  of  ~ vs. T for 
e thanol  is shown in Fig. 5. A l though  there  is considerable sca t ter  due to t h e  
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inherent breadth of the band and small interference by water vapor, there is no 
doubt tha t  the frequency is a function of temperature. Such a relation is predicted 
by the theory of hydrogen bonding of L~PrSCOTT and SC~O~,DER [30] and 
correlates with the studies of alcohol polymers by FI~cH and LIPPrSCOTT [12]. 
The frequencies and temperature coefficients for the three alcohols are given 
in Table 1. 

In  less favorable cases where the 3350 em -1 band is appreciable, an a t tempt  
was made to resolve graphically the 3500 and 3350 cm -1 bands and to determine 
their areas separately. The intensities of the band at 3500 cm -1 are known with 
much less accuracy than  the peak heights of the monomer band. These values may, 
however, be used to check the assignment of this band to the dimer, as well as 
to make a rough check on the consistency of the dimer equilibrium constants at 
different temperatures. The integrated intensities of this band were plotted vs. 
temperature for each concentration and values read from the best smooth curves 
through the points at temperatures corresponding to those used in the calculation 
of the dimer K's. At a given temperature the variation of the dimer concentration 
with total  alcohol concentration can be found from the relation 

C~ = KC,n 2 = KC2(~m/~m°) ~ 

(assuming only monomer contributes to the 3630 em -1 band.) From the integrated 
intensity, B~, of the 3500 cm -1 band and the calculated d imer  concentration 
the true integrated molar absorption coefficient, B~ °, can be determined at  each 
concentration and checked for constancy. In both ethanol and t-butanol an 
approximately constant value was found, but in methanol the calculated dimer 
absorption coefficient increased with concentration at each temperature. Such 
behavior indicates either tha t  the 3500 cm -1 band is increasing with concentration 
more rapidly than  expected for a dimer absorption or tha t  the concentration 
of monomer has been underestimated at the higher concentrations of alcohol. 
The latter is highly improbable, since absorption by other species (non-bonded 
hydrogens of open dimers or polymers) at  the monomer frequency would cause 
the calculated monomer concentration to be too high, rather than  too low. The 
3500 cm -1 band does not increase rapidly enough with concentration to be due 
only to trimer, but it is possible tha t  two species, dimer plus, presumably, trimer, 
absorb at this frequency. No separate band was found for any of the alcohols 
studied in this work which could be correlated with the band found in the matrix 
isolation studies at  3445 cm -~ and at t r ibuted to trimer [23]. I t  is conceivable tha t  
dimer and trimer bands overlap so as to be unresolvable in the temperature 
range used in the present work. 

A rough check on the rate of change of equilibrium constants with temperature 
(hence a check on the calculated AH) is obtained by comparing the values of Bd ° 
found for each temperature. For ethanol B~ ° approximately independent of 
temperature could be obtained with equilibrium constants appropriate to a AH 
of about 5-7 kcal/mole; for t-butanol best agreement is obtained for AH in the 
range 4.5-6 kcal/mole. The failure of B~ ° to remain constant with concentration 
at  a given temperature prevented us from using this method to check AH for 
methanol.  Values of B~ ° for ethanol and t-butanol are listed in Table 3. The 
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best  values of  B d  ° obta ined  for an open dimer  wi th  an assumed absorpt ion  coefficient 
of  ~ °  for the  non-bonded  hydrogen  were approx ima te ly  hal f  t h a t  for the cyclic 
dimer,  giving app rox ima te ly  the  same in tens i ty  per bonded  OH. The calculated 
concent ra t ion  var ia t ion  of  the  open dimer  did no t  v a r y  sufficiently f rom t h a t  of  
the cyclic dimer  to permi t  a definite ass ignment  of  the  3500 cm -1 band  to ei ther  
species. 

Measurements  of  the in tens i ty  of  the  b road  po lymer  band  near  3350 cm -1 
are influenced b y  the  presence of  dimers, and  accura te  measurements  of  the  area 
of  the  po lymer  b a n d  are possible only  in our  mos t  concen t ra ted  solutions (~0 ,2M) .  

Table 3. Frequency shifts, band widths and absorption coefficients 

Species Alcohol Vm - -  ~ ( c m - 1 )  Vl/2 (cm -~) * B ° × 10 -a (L/mole cm2)~ 
I 
i 

Monomer 

Dimer 

Polymer 

Methanol 
Ethanol 
t-Butanol 

Methanol 
Ethanol 
t-Butanol 

Methanol 
Ethanol 
t-Butanol 

115 ± 3 
125 ± 5 
124 ± 4 

311 ± 6 
298 ± 6 
264 ± 6 

22 
24 
15 

80 ± 30 
90 ± 20 
75 ± 15 

205 ± 15 
195 ± 15 
160 ± 15 

4.7 
4.6 
3.3 

15 ± 5  
l l = L 2  

54 
55 
53 

* vii ~ the band width at half maximum, has been corrected for finite resolution according to the 
methods given by RAMSay [29]. 

B ° is the integrated molar absorption coefficient per OH bond; 
Bi ° ~-  (2"3/NCid) ~logl0 (Io/I) dr, where Ci is the concentration of the species in question in moles/L, 
d is the cell thickness in era, and -h r is the number of OH oscillators per molecule contributing to the 
band. For monomer a Lorentzian shape was assumed, giving 

B,~ ° = 2"3]Cmd . (log IJI)max vl/2 K,  
where K(~r/2) is given by RAMSEY [29]. For the H-bonded species B ° was determined by graphical 
integration. 

The calculat ion of  the n u m b e r  of  alcohol molecules exist ing as polymers  is also 
subject  to unce r t a in ty  since the  band  at  3630 cm -1 might  conta in  an appreciable  
con t r ibu t ion  f rom non-bonded  hydrogens  of  dimers or polymers .  Calculations 
for the  two l imiting c a s e s - - a n  open tr imer,  in which 1/3 of  all the  0 H ' s  in the  
po lymer  are assumed to cont r ibute  to the  3630 cm -1 band  with in tens i ty  ~m °, and  an 
infinite (or cyclic) polymer ,  in which none of  the hydrogens  of  the po lymer  cont r ibute  
to  the  3630 cm -1 b a n d - - s h o w  t h a t  the in tens i ty  per bonded  OH is app rox ima te ly  
independent  of  the  effect of  end group Ot I ' s  (exact ly  independent  if  the  a m o u n t  
of  dimer  is negligible). The po lyme r in tens i ty  da t a  are summar ized  in Table 3. 
Most of  the  da t a  were ob ta ined  f rom solutions less concent ra ted  t h a n  1 M, bu t  
for e thanol  results at  room t empera tu re  were ob ta ined  up to a concent ra t ion  of  9M. 

The f requency  o f  the  po lymer  b a n d  varies wi th  t empera tu re  for all three 
alcohols, as indicated in Table 1. Our values for the  t empera tu re  coefficients, 
A v / A T ,  are 2-3 t imes those found by  F ~ c ~  and  LIPr~COTT [12] for these 
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alcohols. We cannot account entirely for this discrepancy, but it presumably 
reflects a difference in behavior between the relatively small polymers tha t  are 
probably present in our system and the very large polymers tha t  would be present 
in the undiluted alcohols studied by FINCH and LIPPII~COTT. 

Other spectral effects of H-bonding. In  addition to the pronounced spectral 
changes with extent of H-bonding tha t  we have discussed thus far, two other 
spectral features were found to vary with temperature and concentration. In  
both methanol and ethanol some of the bands attr ibutable to CH stretching 
modes intensified slightly with decreasing temperature in dilute solutions [27] 
and exhibited a pronounced intensification with increasing concentration, 
especially at low temperature. This effect, which is certainly an indirect result 
of hydrogen bonding, is being studied in more detail. The results will be published 
soon. 

Another feature which seems to be associated with formation of H-bonds 
in the alcohols, and which has apparently not been previously discussed, is the 
appearance of two weak bands near 2600 cm -1 in concentrated solutions (_>0.1 ~ )  
at low temperature (_<0°). Although these bands are too weak to permit accurate 
measurement, their intensities correlate qualitatively with the amount  of polymer 
as indicated by the intensity of the 3350 em -1 polymer band. The weakness of 
the features and their location at ~2600 em -1 suggest the possible assignment 
as a combination mode of the polymer. The bands could arise as a difference 
between the strong 3350 cm -1 band and a fundamentaI  (unobserved in the present 
work) about 750 em -x. The closest frequency to 750 em -~ tha t  has been reported 
is a band at 670 cm -1 found in a large series of alcohols by STUART and SUTHER- 
LA~CD [31]. They showed it to be due to a vibration of associated molecules and 
assigned it to the out-of-plane OH deformation. Coupling between this out-of- 
plane mode and the OH stretching vibration is expected to be quite weak. 
Another serious drawback to the assignment of the 2600 cm -1 bands as a difference 
is tha t  the corresponding sum was not observed. No reasonable alternative 
assignments have occurred to us. 

Discussion 
I t  is shown in the appendix tha t  the limiting slope of the ~ vs. C curve is 

proportional to the equilibrium constant for dimer formation and tha t  a non-zero 
value of (de,~/dC)¢ = o implies tha t  dimers are stable. This t reatment  is subject 
only to the requirement tha t  Beer's Law hold over the range in which the slope 
is calculated. In  applying the equations it is, of course, necessary to find the 
true limiting slope. By expanding the expression for de~/dC in a power series in 
C it can be shown tha t  for only monomers and dimers dem/dC will first deviate 
appreciably from its limiting value at a concentration >0.01 M (for K's  in the 
observed range) and tha t  the initial deviation will tend to decrease the absolute 
value of the observed slope. The presence of higher polymers in this region would, 
on the other hand, tend to increase the slope (in absolute value). Even at the 
lowest temperatures studied there appears to be virtually no polymer (as indicated 
by the 3350 em -1 band) in the concentration region below 0.02 1K. We believe, 
therefore, tha t  our measurements extend to a sufficiently low concentration to 
permit direct observation of the limiting slope, and tha t  the non-zero slope found 
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for all three alcohols at all temperatures shows conclusively that  alcohol dimers 
are stable in CCI~ solution. 

As noted in the introduction, other workers have reached the conclusion that  
alcohol dimers are not stable. This disagreement is not too surprising in view 
of the complexity of the system and the practical impossibility of building up 
an appreciable concentration of a given H-bonded species without  considerable 
interference from other species. For  instance, STAVELE¥ and TAYLOR [14] tested 
for the presence of dimers by  noting the linearity of a function of viscosity 
plotted vs. concentration. They do not give examples of the plots but  indicate 
indirectly tha t  their data  extended to 0.1 or 0-2 ~ (at 20°C). In this range of 
concentration and temperature our results predict tha t  any effect of dimers would 
probably be masked by  the larger concentration of higher polymers. HOFFMAX~ [5] 
has also concluded from infra-red data  that  dimers are absent (K ~ 0). However,  
we have replotted ItOFFMA~'S data  on an s vs. C curve and from the limiting 
slope obtain equilibrium constants in reasonable agreement with ours (e.g. ethanol 
at  21-25°C; HOFFMANN'S data, K s ~5 .3 -11 .6 ;  our data, K~ : 5 . 8 - 9 - 2 ) .  
Such a large variation dependent upon the method of plotting the data  is quite 
disturbing and demonstrates the sensitivity of the equilibrium calculations to 
small errors in the data. A significant increase in the accuracy of determination of K 
by  this method will probably have to await an order of magnitude improvement  
in the accuracy of photometry.  We feel that  our conclusions on the presence of 
dimers are materially strengthened by  the inclusion of experiments over a wide 
range of temperature,  particularly below room temperature,  where the limiting 
slope is certainly not zero. 

The exact values obtained for the dimer equilibrium constants are dependent  
on the structure of the dimer and the extent  of contribution, if any, of the non- 
bonded hydrogen of the open dimer to the monomer band. The various alterna- 
tives are discussed in the appendix. Because of this ambiguity the K's  themselves 
can contribute little information to our knowledge of the structure of the dimer. 
The mean values of AH obtained from the temperature dependence of K's, as 
listed in Table 2, are quite high for a single O H - - O  hydrogen bond, especially 
one which causes a frequency shift of only 125 cm -1 [32]. These values, therefore, 
suggest that  the dimer is formed from two H-bonds (necessarily non-linear) and 
exists in the cyclic form. An energy of 2.5-4.5 kcal per bond is probably reasonable 
for such a non-linear bond. The precision of determination of AH is not great 
enough to rule out the single bonded open dimer, but  only to make it appear less 
plausible than the cyclic form. I t  is conceivable tha t  both open and cyclic dimers 
co-exist. I f  so, the K found in this work actually represents the sum of the constant 
for a cyclic dimer, Kcd and half the constant for an open dimer, Kod (appendix, 3). 
In tha t  event, the calculated AH would represent an average heat of formation of 
the two types of dimer and would probably be temperature-dependent.  I t  is 
unlikely that  both cyclic and open dimers would absorb at exactly the same 
frequency. At high concentrations the absorption of the open dimer (for example) 
might be hidden under the polymer band, but  at  lower concentrations there 
seems to be insufficient absorption in tha t  region to permit the presence of an 
appreciable amount  of dimer. 
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Table 2 shows that  AH for dimer formation decreases in absolute value with 
increasing size of the alcohol. These figures indicate an unusually large variation 
in the strength of the hydrogen bond(s) of the dimer for molecules tha t  are very 
similar chemically. Furthermore,  the frequency differences between the monomer 
and dimer bands are nearly the same for the three alcohols, and a large difference 
in H-bond energy among the three is unexpected in view of the generally accep ted  
correlations between frequency shift and H-bond energy [32]. Some of the 
discrepancy may  be the result of the presence of both cyclic and open dimers, 
which would give an apparent AH that  is temperature-dependent.  On the other 
hand, the margin of error in these determinations is almost large enough to permit 
a more nearly constant AH of about  6-7 keal/mole to be consistent with our 
data  for the three alcohols. 

HuGGI~S and t:)IMENTEL [33] have recently published data  on frequency 
shifts, band widths and integrated intensities for a large number of H-bonding 
systems and have shown that  these quantities can be correlated for many such 
compounds. The frequency and band-width data  for all three alcohols given in 
Table 2 agree rather well with the straight line of HuGGI~S and PIM~NTEL. There 
are discrepancies, however, in the intensity-frequency shift correlations. Our 
intensity values for the 3500 cm -1 (dimer) band in ethanol and t-butanol are far 
below that  predicted by  the H - P  curve. Par t  of the discrepancy might be due 
to error in measurement of the band intensity and in the calculation of dimer 
concentration. However,  if the 3500 cm -1 is due to the cyclic dimers, the deviation 
from the predicted behavior may represent the effect of non-linear H-bonds [33]. 
Further  studies of spectral systematies among systems that  are known to form 
bent H-bonds are needed. 

Our values for the intensity of the polymer bands also lie below the H - P  

curve, bu t  are probably well within the combined limits of error of our measure- 
ments and of the curve itself. I t  should be noted, however, tha t  the intensi ty  
da tum given by  H - P  for methanol is far from their curve and from our value. 
Their intensity is evidently in error, probably as a result of interference by  dimers. 

Appendix 

Assume that  the alcohol molecules exist in the form of monomer, dimer, trimer and higher 
polymers. The concentrations of the first three species (C m, C a, (J~) are related by the equilibrium 
expressions 

K s = C,~/Cm~; K~  = C d C m  a. 

(1) Suppose that  e m represents the apparent absorption coefficient of the band due o n l y  to 
monomer. Then 

em = ~ ( C m l C )  

= em°[((J - -  2C d - - 3 0  t - -  nG~)/G],  

where C is the total  concentration of alcohol and C~ is the concentration of the higher (n-fold) 
polymers. Then 

e m = em°[(C - -  2K,~Cm 2 - -  3 K t C m  3 - -  terms in higher powers of Cm)]C] .  

82 



Infra-red spectroscopic studies of hydrogen bonding in methanol,  ethanol,  and t-butanol 

Neg lec t ing  t he  t e r m s  in p o w e r s  of  C m grea t e r  t h a n  3, a n d  m a k i n g  t h e  a p p r o x i m a t i o n  t h a t  
C m ~ C * ,  we h a v e  

e m =  sin°[( C -- 2K~ C2 -- 3KtCa)/C] 

= sin°[1 -- 2K~C -- 3KtC ~] 

dem/dC = e m ° [ - 2 K ~  - 6KtC  ] 

l ira (dem/dC) : -- 2Kdsm °. 
C--~O 

(2) Suppose  t h a t  s m r ep re sen t s  n o t  on ly  m o n o m e r  a b s o r p t i o n  sm° b u t  also a b s o r p t i o n  b y  
t he  n o n - b o n d e d  O H  of  a n  open  d imer ,  rein °. T h e n  

l im (dem/dC) = 
C--~0 

.,,,o(o.~lO + r o j c )  

Sm°[(C - -  2KaOm ~ + rKaC,nu)]C] 

era°[1 -- (2 -- r)KaC ] 

--(2 -- r)Kaem °. 

T h u s  K~ is seen to  be  2/2 --  r t imes  as large as in  t h e  case 1, a n d  for  r ~ l ,  K s is a b o u t  
twice  t h a t  for case 1. 

(3) Suppose  b o t h  cyclic d imer s  (cd) a n d  open  d imers  (od) exist ,  w i t h  t h e  n o n - b o n d e d  O H  
of  t he  l a t t e r  c o n t r i b u t i n g  to  s m w i t h  a n  a b s o r p t i o n  coefficient Sm°. T h e n  

Kcd = Ccd/Cm2; Ko~ = Co~[Cm 2 

em = em°(C~lC + Co~lC) 

= em°[(C -- 2KcgC~ 2 - 2KodCm 2 ÷ KodCm2)/C] 

era°[1 -- 2Kc ,C  -- KoaC ] 

l ira (dem/dC) = --2(Kca + Koa/2)%n °. 
C-~O 

(4) The  m o n o m e r - d i m e r  equ i l i b r ium can  be  expressed  e i t he r  in  c o n c e n t r a t i o n  or mole  
f rac t ion,  

K c = Cd/Cm~; K X  = X a / X m  2. 

I t  is easi ly s h o w n  t h a t  t he  equ i l i b r i um c o n s t a n t s  a re  r e l a t ed  b y  t h e  express ion  

K x  : K o / V s  ~ 10K O 

where  Vs, t h e  m o l a r  v o l u m e  of  t h e  so lvent ,  is a b o u t  0.1 1. for ,CC14. 
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