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NUCLEAR MAGNETIC RESOIIANOE 8Tt1DIES OF 

HYDROG!N BONDING. II. ALCOHOLS 

By Jett C. Da.v1s1.; K•nneth $. Pitzer2 
1 Md a. N .. R. Rao 

Department ot Chemistry and. Lawrence RatU.ation LabQratory 

Un1 versi ty of Oali:fornia. Berkel ttl', Ca.li~ornia. 

(l) Base<! 1n pa.:rt ·on the Ph.l). thesis o.f J .. o.D. whose present 

address is Department ot Chemistry, University of Texas, 

Auat1n1 Texas. 

( 2) To whom. correspondence should be directed at the above 

address. 

The proton l'rUagnetio resonance spectra of solutions of 

m.ethe..nol, ethanol, 1-propa.nol, and t-butanol in carbon 

tetrachloride and of ethanol in 'benzene have been measured 

over the temperature range 20-.60°0. The shifts 5 1n very 

dilute solutions yield values of ol\1 for the monorn.er1a 

alcohols. Finite values of (o5ja~) at zero mole fraction 

are obtained which clearly indicate the presence of a dimerio 

species. The relationships between these data and the 

equil1b~ium con5tants anct enthalpies of dimerization are 

diaeu.ssed, but the probable presence of' both cyclic and open dimers 

com.p11oatea the interpretation. For ethanol in benzene, 

where open din.ters are believed to predominate, the enthalpy 

of dimerization is found to be 5.1 :t 1 kcal/mole of d1mer. 
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Only qualltative ~om.ments are made conaerning the results 

in concentrated solution where me~y pol~1neric species are 

present. 

( En.d of abstract} 

asl.)ou.l.atic.cJ. of' alcohoL;; by h:~{drcgcn bc..ncU.nc... J:. ·~omplete 

and u.ruJ.ecesaaz·y in viev.r of the .r·eccn'.:; mo:~."lugA:·aph by PLJtentel 

and £.1cC1ellan3 • /.1 t11ough a number r..1f nru~ lnvestiga.ticn.s have: 

{3) G. G. ?L!W.Utcl and I". L. McClellan, !
1ThG H~;,rdlo0en Bouc.1u, 

W'. H.. l~'reeman c.nd. Co. , S&n f:'r·anci sec ( 19 riC) • 

con<Jerned the alcoholo, 1 t is desir~ble to cover· a wider 

temperature re,~e 11.1 order to yield information ebollt the 

varicme., ::!peolcs p.r·esent.. The present lnves ti,satton :,.ie.s 

undert:-:1ken e.s a s:yste~natic study of the checa1c.s1 shift~::: at 

different concentraticna and temperatures with the purpose 

various species and the ~hara0teristias of the equilibria. 



~he puriflca.tion and handling ot the reagents have been 

reviewed previously4 • All of the alcohols were distilled 

(4) J. 0. Davis, Jr. and K. B. Pitzer, J. P!!avs. Cpem. 

twice from calcium. hydrld.e to remove traces of water. All of 

the solutions were made by dilution of gravimetrically 

prepared stock Bolut1ona. 

·Shifts wereneasu.red at GO Mops on a Varian V4300B High 

Resolution Wr1R Spectrometer utilizing speoial apparatus 

aonstruoted tor maintaining the desired sample temperatures 

as previously d.esoribed4• Shifts \>Tere measured by the 

e14e-band technique5• Some shifts were measured by m.eans of 

(5) J. T. Arnold and 1\1. E. Paoka.rd1 J. :Ohern. Phve., 19, 1608 
--~----~~~-· ~ 

(1951). 

known fine eplitt1ngs of adjacent or· superimposed peaks as, 

for example,. when the ethanol OH peak t'las located inside the 

CH3 triplet. Shifts were measured to an acouraey of ± 0.5 cps 

and eaah reported shift is the r·esult of at least six 

separate measurements. 
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shifts of the l}rd'roxyl 

protons or methanol, ethanol, 1-propanol, and t-butanol in 

OC14 and of ethanQl in benzene are listed in Tables I - v. 
The symbol .! designates the total apparent mole fraction 

of alcohol in the solution assuming no association. Shifts 

are reported in cpa meaeured at 60 !Iiepa. A positive shift 

indiaates that the hydro:!cy'l resonance occurs at a. higher 

applied ma.gnet1~ field than that of the referenc.e peak. In 

all cases the centers or the methyl group resonance were used 

as references. r.t'hese peaks \V'ere t'ound to be independent ot' 

concentration by measurements with both exter·n.a.l and internal 

s ta.ndarciB. 

There 1s considerable 

evidence that in dilute solutions of alcohols in non-hydrogen­

bonding solventm the monome:r-dirAer equilibrium is of 
s 6 importance· • Huggins., Pimentel.) and Shoolecy have shown 

(S) 0. rli. Huggins, G. c. Pimentel,. and J. N. Shoolery, J. Phys. 

~·~ ~~ lSll (1956). 

that tor a sy$tem containing only monomer and dimer in 

equilibrium the observed chemical shift iu given by the 

relation 

where m is the nwnbe:r ot' moles of monomer in the 50lution., .! 

is the total number of molea or alcohol used to make up the 
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TABLE I 

CHEMICAL SHIFTS OF ~lliTHANOL IN CARBON TETRACHLORIDE SOLUTIONS 

6 (ops at 60 Mo from methyl peak) 

X 23"0 35°0 53.5°0 

l.oo -92.5 -88.0 -76.1 

.742 -r:n. o -79.6 -66.0 

.502 -74.5 -62.~ -40.1 

• 249 -4ij.0 ... ;::8.7 t; .. 7 

.099 44.B 72 .. 0 l~j.7 

.077 79.1 106.1 147 .o 

.052 115.4 1<55.6 158.9 

.027 145.5 l45.Z 167.6 

.020 152.8 160.4 168.0 

.015 157.0 165.0 168.9 

.010 165.4 166.8 170.0 

.0082 165.2 167.8 170.5 

.0077 165.8 168.1 170.5 

.0086 166.7 168.5 1'70.9 

.0052 168.1 169.5 171.0 

.004:0 169.2 170.0 171.5 

!\'1 17g.s 172.2 172.1 

(~)0 950 540 200 
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CHEMICAL SHIFTS OF ETHANOL IN CARBON TETRACHLORIDE SOlU'riONS 

6 (ops at 60 Me from methyl peak) 

X 22°0 sg•c 56°0 

1.oo -!50.0 -241.5 ( 37) -228.1 (54) 

.505 -219.8 -201.5 -176.0 

.aso -200.3 -167.8 -154.0 

.100 .-169. 0 -124.2 -85.1 

.0775 -160.1 -116.1 -76.6 

.05?5 -120.0 -77 .a -56.3 

.()270 -32.3 4.2 6.0 

.0206 -19.0 12.1 21.0 

.0165 -9w0 16.9 23.1 

.0104 4.0 23.9 27.0 

.0083 7.1 25.3 28.1 

.0067 13.0 Z7 .5 29.0 

.0052 16.7 29.4 29.9 

.·0042 H:i,.9 .;)0.4 30.1 

8M 28.2 .34.9 32.4 

(ao) axo 2250 1070 500 
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TABLE III 

OHEIUC.AL SHIFTS OF !-PROPANOL IN CARBON TETRACHLORIDE SOWTICNS 

t,; (cps at 60 [~1C from methyl pee.k) 

X 25 111 0 saGe 53.5°C 

1.00 -23'7.6 -22?.0 -211.6 

• 746 -255.1 -223.5 -210.0 

.so·r -203.9 ... 185.9 -161.5 

.254 -166.0 -14().5 -105.& 

.101 -113.8 -82.0 -37.6 

~078 -95. a -56.4 -12.2 

.053 -86.2 -35.0 3.1 

• 02'7 -56.2 ~-1 15.;5 

.021 1'··~ Ct. - \.1. v 12.1 lb.& 

• 01'{" -3.(; 14.9 19. 'k 

.o11 11.8 17.6 20.2 

.QC,\84 13 .. 0 19.0 20~·0 

• GCfflil 13.7 19.0 20.9 

.• 006'7 14.2 19.2 21.0 

.0053 15.0 l:L 7 21.1 

elf1 16 21.0 21.9 

( c)o) 
Oio 

4{)(; 22C 130 
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TABLE IV 

CHEMIOAL SHIFTS OF t-BUTANOL IN CARBON TETRACrlLORIDE SOLUTIONS 

5 (cp.s at 60 Mo from methyl peak} 
., 

X iu•c 37°0 53°C 

1.oo -210.1 -190.1 -170.0 

• 745 -198.0 -176.3 -156.8 

.505 -168.8 -14.3. 0 -115.1 

.252 -130.0 -96.1 -60.0 

.leo -70.1 -27.5 -l.o 
.. 078 -S4.3 -z.o 9.2 

.05~ -9.0 10.2 17 •. 3 

.027 10.0 17.1 20.0 

.0206 15.1 16.9 20.9 

.0165 17.5 20.1 21.6 

.0104 20.0 21.3 2S.O 

.ooss 21.0 22.2 23.2 

.oo7E:s 21.4 22.4 25.5 

.0067 21.9 22.6 23.6 

.0053 22.6 23.1 24.0 

G!i 24.8 24.5 25.0 

dl5 270 200 ((Ti) 4$0 
0 
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CHEMICA!. SHIFTS OF ETHA~lOL IN BENZENE SOLUTIONS 

.. 
0 (eps at 60 Me from methyl peak) 

X 22°0 3'7"0 s4•c 

1.00 -250.5 -242.0 -229.5 

.504 -229.0 -208.6 -185.0 

0 2,r{6 -201.4 -174.7 -142.2 

.145 -lij6.7 -129.0 -90.1 

.0742 -s7.o -58.2 -2'7.2 

.0373 -4 .. 8 8.1 16.0 

.0189 9.8 18.0 20.0 

.0151 lS.S 21.0 24.1 

.0076 23.9 25.9 26.0 

.0064 24.2 26.9 28.5 

.0057 25.0 27.2 .2&.8 

,0047 26.4 28.2 29.1 

5 M 31.0 31.2 ::a. 3 

o5 
<ax~) 1020 680 44-0 

0 
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solution, 6M and aD are the shifts oharaoteristio of the 

xoonomet~ and aimer species, and An = 5 D - or.'!" If the 

equilibrium oonstant tor the syst·em 1a expressed in mole 

fraat1on unite 

then it can be shown that at 1nf1n1te dill.ltion 

(Q!) . a: 2!,{ A-
OX X=aO 2·-.v 

Fi&'UI'e l shows a typical set of da.ta in the low 

concentration region. It is clear that a satisfactoi'Y 

extrapolation ean be n1ade to yield both eM and the elope 

{o6/ox) • Valuee of these quantities are given in Tables -o 

( Z) 

( 3) 

I - V. Unfortunately the presence of h1gher pol;r{.mfn's makes 

it impossible to obtain oD, and thereby K2, from the nmr 

data. 

The assumption that the value o.t' oD is independent of' 

temper-ature, as it seems to be for certain oarbolcy"lic aa1ds4, 

makes possible a caloula.t1on of an apparent A,!! dim.er1zat1on. 

From equ.ation (s) we see that, if ~ is constant 

- 0 f 06 .,. ....... ) 
-AH = R d(l/Tf 1n \Cli o 

Figure 2 8hows the appropr1C~.te plot of log ( 05/dx) 
() 

(4) 

vs 1/T 



an<i Table VI collec'te the apparent t....!! value a. Liddel aJ."l.d 

Becker7 m.easw"'ed the ini'rared epectra o.f methanol, ethanol .. 

(7) u. L!ddel and E_. c. Becker, SJ!ectroobfm. Acta, !2• 70 (1957). 

and t ... butanol 1n aarbon tetrachloride at several temperatures. 

They assume~ that the decrease in the intensity of the 

charaoterist1e non-bonded 0-H stretching band near 3630 cm-l 

could be taken aa a measure or dimer1zat1on in the dilute 

solution.e, and fr~'U the temperature coefficient of' this effect 

they obtained the apparent A! values which are also listed 

in Table VI.. The agr-eement between the two sets of values 

is excellent.. But we stw.ll indicate later that these 

treatments are probably oversimplified and that the true 

A!i ef d1mer1za.t1on is somewhat smaller in some cases. 

~·- It is olear that higher polymers 

are formed in even moderately concentrated solution. Saunders 

and li.vne8 have treated their runr data for several aleohols 

(S)M. Saunders and J. B. I1yne,. ~.· Cpem. P!':l~., ~~ 1519 (1958). 

on the basis ot' only a single type of polymer in addition to 

the monomer. They obtained rough agreement for a. oyelio. .i, 
tetramer with methanol and ethanol and a oyol1o trimer for 

t-butanol. However•, the evidence from various sources for the 

presence of some dimer 1s incontrovertible. We tried 
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extensions of the Saunders and Hyne treatment whieh considered 

the m.onomer, dimer • ana a single higher polymer.. The 

1ntllus1on of the dimer obanged substantially the aize of 

polymer neJ.d!ng best agreement. BUt no ease shQwed 

agreement w1th1n experimental error nor was this result 

surprising in view of the s1mpl1t1ed a.tsQum.pt1ons. 
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DIHERIZATION OF ALCOHOLS IN SOLU~ION 

Apparenta l\!!1 koal/mole 

This x,esearoh L.B. 7 

CH
3

0H in 001 . 4 -9.4 ± 2 -9.2 i 2.5 

o2H50Ii in cc.u4 .. 7 .8 ± 2 -7.2 t 1.6 

CzH00H in 06H6 -5.1 ± 1 

t ... esH7oB in oc14 -'7.3 t -b ,;) 

t-0 RgOH in 4 ' CC14 "'"4.4 t 2 -4.8 .t 1.1 

8 see seotion on 1)1aouas1on for relationship to true A£! 

9t dime:r.1eat1on. 

bThe ef'.fect ()t higher polymers so interferes that this 

value ia pa.rt1eu1a.t·'lY u.noertain. 
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The dieleatrie eonstant data9 on these systems elearly 

(9) K. L. Wolf, H. Frahm. and H. :a~, z. pn;reik. Ohem ... ~ 

~$ 257 (1937) givea a summary of such data and reference 

to earlier papers and to theaes. 

show that much or tlle polymer'io alo<:~hol l11Ust be open ended 

ohains rather than rings, and in that ca.ae it 1s unreasonable 

to asswne a single dOminant species. Consequently .. we 

believe any realiatie treatment of oonaentre-.ted solutions 

must eons1<ier ~'1 extensive a.n~ay Of a6sociated. speoiea 

such as Ooburn and Grunwald10 assumed in treating their 

(10) w. c. COburn and E. Grunwald; J. ~n. Ohem. Soc., ~~ 

1318 (1958). 

infrared data on ethanol-CC14 solutions. Since nmr data 

alone clo not suffice to show the various·speoiee present, a 

proper interpretation must aomb1ne data t'ron1 additional 

sourees. It ie beyond the scope of this paper to attera,pt 

such e.n interpretation i'or the higher polymers, but the 

present nmr data should be useful in euoh a project. 

~ 
The shift between oM for the monomer and the o value 

for ~lly hydrOgen bonded polymer appears to be roughly 

280 !lpe f'or each alcohol if we assume some disaociat1o:n in 
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the pure liquids an<i that thie d1asooiat1on increases with 

temperature. There appears to be most cUs:~.~ociation 111 

t-t>utanol and mucoeseively le.as fol" the sma.ller molecules. 

The re.ferenae frequenay for the OB3 protons ia. ot oout·se, 

much lotf-er in the ease of methanol~ and this inereaBee the 

relative values of 6 tor that subatanoe as compared to the 

other alcohols. 

The values or &11 ehow no eign1.f1oant change with 

temperature, and this result thr0\1$ some additional doubt 

upon the large temperature obange ot the app&rent 6M values 

tor certain oarbGAYlia tteids that w·e reported previously4• 

The very muah s.rnaller d1eaoo1at1on lttade the 5:fi! values of 

the ae1cls muah·less certain than the present vttluee for the 

alcohols_, but the a~1da 1.71aY associate more strongly with 

the solvent and henee behave d1tfe;;:•ently. 

There has been mueh discussion an~ speculation about 

the linear or eyolic nature of polrmer1o species of alcohols. 

Por example., tbe dimer speoies may be either a aymmetriaa.l 

ring, A, with two non-linear hydrogen 'bonds, or an 

unsyrmnetrtoal open ehain, B.. with a. single linear hydrogen 

bo.nd. 

R.,?---¥ R R. 
I I 

H---o ... R 0-H- ... -0-H 
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While there is good reason to believe that the linear 

llY<lrogen bond in B 1s stronger• than one 'bent bond., it is 

not obvious whether one linear bond gives lower energy 

than the two bent bonds in A or not. The oyelio form would 

be expected to have no infrared absorption at the monomeric 

0-H frequency whereas the open d1mer (E) woulc'.i have one 

0-H vibration which would still absorb at approximately the 

monomer frequency. Likewise the nmr chemical shift for the 

non-bonded proton 1n the open tom would. be expected to be 

a~ut that of the monomer while 1n the cyel1c form both 

alooh0l protons wou.ld have shifts a..ffected by the hydrogen 

boncii.ng. However, only the average sr.d.tt is observed for 

the alcoholic protons ot' all species and there is no 

independent evidence ror• this average valu-e in either the 

open or oye11c form. 

In the vapox- phase the entropy ana enthalpy of format1on11 

(ll) w. Weltner and K. s. Pitzer, J. Am. Chem. Soo., ~~ 2606 

(1951) 1 a. B. Kretsahmer and R. Wiebe, ibid~, 'T6, 2579 (1954); - _.., 
Q. M, Barrow, J. Chem. P.!!l.s., ~~ l7b9 (1952). 

of the dimer indicate the open atructure whereas at vecy low 

temperatures in inert matrices the apeotra.l data12 favor 

(12) f\1. Van Thiel, E. D. Becker, and G. c. Pimentel, J. Chem. 

~ ... lt, 96 (1957). 
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eyelie struotures. 

There aeen1s no doubt .w.t that ayo11a tetramers and. 

possibly penta.mer·s, he.x.anters, etc., have epeo1s.l stab111 ty. 

Such a molecule can have linear hydi'ogen bonds and still 

close the riP~. Coburn and Qrunwald10 tit their 1nfrare4 

data on dilute ethanol-CC14 solutions to a model or open 

c:iimera and trimer& together with ring structures for higher 

p.olymers. 

Navertheleee, the dielectr1e constant data9 for alcohol 

solutione tdli3W, that open allain PGl:Ymers of high dipole 

m.omant dominate in moderately aoncentrated solutions. 

There is a deep minimum in the molar polarization cux~e 

for systems :iUOh a$ methanol or ethanGl in cyalohexane at 

approximately 0.03 mole f1·ao.tion.. For ethanol in 0014 tlle 

ndnimu.m 1s less deep and lies at approximately o. 05 mole 

fraetion. The results or Coburn and Grunwald indioate that 

at this concentration the eyclie polymera have beoom.e very 

important species, and they have, ot' course, small or zero 

dipol~.J moments. Tlle t•iee in molar pOlarization 1nd1oates, 

however., that the still laz•ger· poll'lner species formed at 

hlgher 6.oncentration must have large dipole momenta and 

are preswnably of open structure. 

It will require dielectric ~onstant values o:f extreute 

preoiaion fer very dilute solut10ns to give a clear 

d.ea1a!on between open and cyclic di.mera. ne have not found 

eu.ch data in the literature. It seems to ue ent1r·ely 
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plausible that the dizneria species may 'be partly oyolic 

and partly open ahain a.t room temperature but with the 

proportion of the ayclio form decreasing with rise in 

temperature. In this oase the assumption ot a constant .6.n 
in the calculation ot the A!! values in Table VI is subJect 

to question.. The A1! values calculated trom the 1ntt~ared 

data of L1d4el and Becke1•7 are also based upon the assumption 

of a single type of.' d1mer and are likewise subJect to some 

quest.ion.. ·rn either oe,se, however, the difference between 

the tr"t.t~ and apparent A_!! values is not likely to be very 

large~ 

In the aase of ethanol-benzene solutions the molar 

polarization data9 show no minimum correepo~ding to cyclic 

polymers., hen~'' it seems sate to a.ss1.1:11e that the dimer 

is predominantly open chain anel the apparent A!_! value may 

be adopted as reliable. 

~· -We thank Dr. George Q. Pimentel 

tor interesting d1sousa1on and many helpful suggestions. 

This work was perfotvzned under the au.spices of the Atomic 

Energy Commission .. 


