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Hydrogen bonding of the hindered phenols, 2-isopropylphenol, 2,6-di-

isopropylphenol, 2-t-butylphenol, 2-methyl-6-t-butylphenol, and 2, 6-di-t-

butylphenol, has been studied by observing the chemical shifts of -OH group

protons. Room temperature dilution shifts in carbon tetrachloride of the phe-

nolic -OH gives dimerization constants K of 1.7, 1.3, 1.0, ! 0.05, and $ 0.05,

respectively, for the five phenols. Association constants Kc for phenol-

dioxane complexes were obtained from the phenolic -OH dilution shifts in lJ 4 -

dioxane, employing general algebraic expressions derived for the purpose. The

K cs are in the same sequence as the K s but about ten-fold larger, consistent

with the greater ease with which a smaller molecule approaches the phenolic

-OH. Observations of both the ethanolic and the phenolic -OH dilution shifts

in ethanol-phenol solutions gave similar results, which were limited to a qual-

itative interpretation by the relatively strong polymerization of the ethanol.

Several lines of evidence, including the temperature dependence of the -OH

shifts in a 1:1 equimolecular phenol-ethanol mixture and the dilution shifts of

the 1:1 mixture in carbol etrachloride, indicate that -the stabler form of the

complex has the phenolic hydrogen bonded to the ethanolic oxygen. NMB dilution



-2-

shifts for equimolecular mixtures in an inert solvent have useflul features in

the study of 1:1 complexes. The isopropyl C.H proton line exhibits relative-

ly large downfield shifts, up to 30 c.p.s. at 60 Mc./sec., depending upon the

other substituents.

Introduction

The main concern of this paper is hydrogen bonding in hindered phenols.

The unusual properties of these hindered or "krypto" phenols were noted in 1945

by Stillson, Sawrer, and Hunt 3 who pointed out that bulky ortho substituents

(3) G. H. Stillson, D. W. Sawyer, and C. K. Hunt, J. Am. Chem. Soc., 6_, 303
(1945)

prevent the molecules from undergoing many of the characteristic reactions ex-

hibited by simple phenols. The restricted access to the -OH group in such mol-

ecules should limit the degree of association through hydrogen bond formation

and cause the eauilibrium constants for polymer formation to exhibit a depend-

ence upon the size of the ortho substituents. In fact, such a dependence has

been inferred from the infrared and ultraviolet spectra of several phenols by

Coggeshall, Lang, and Saier.""' It seems clear that the hindered and parti-

ta - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

(4) N. D. Coggeshall, J. Am. Chem. Soc., 6k, 1620 (1947).

(5) N. D. Coggeshall and E. M. Lang, J. Am. Chem. Soo., Z, 3283 (1948).

(6) N. D. Coggeshal! and E. L. Saier, J. Am. Chem. Soc., y, 5414 (1951).
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

ally hindered phenols are not likely to form species larger than dimers, and

this circumstance should in principle facilitate the analysis of their asso-

ciation behavior.
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A comprehensive discussion of hydrogen bonding and of methods employed in

its investigation is available,7 as is a general treatment s of the nuclear mag-

(7) G. C. Pimentel and A. L. McClellan, 'The Hydrogen Bond", W. H. Freeman and
Co., San Francisco, 1960.

(8) J. A. Pople, W. G. Schneider, and H. J. Bernstein, "High-Resolution
Nuclear Magnetic Resonance," McGraw-Hill Book Co., Inc., New York, 1959.

netic resonance methods employed in cur studies. It is well known that the

formation of hydrogen bonds displaces the magnetic resonance of the protons

involved toward lower magnetic field, except in certain cases involving aro-

matic molecules. 8  When a molecule XH forms a hydrogen bond to a donor atom

Y, the electronic stracture, and consequently the magnetic susceptibility of

the XH bond, are altered leading to a change in the nuclear magnetic shielding.

If the primary function of the Y atom is to produce a strong electric field in

the vicinity of the XH bond, then a shift toward lower field upon hydrogen bond

formation is qui.te reasonable.818 The electric field deforms the electron dis-

(9) H. S. Gutowsky, mals N. Y. Acad. Sci., I o . 786 (1958); P. J. Frank and
H. S. Gutowsky, Arohives des Sciences, 11. 216 (1958).

tribution about the proton in the hydrogen bond, decreasing the electron densi-

ty in its vicinity, and increasing its asymmetry. Both effects decrease the

proton. shielding.9

Another possible contribution to the chemical shift produced by associati-

on is the quenching of the intrznolecular paramagnetic effects of neighboring

atom magnetic anisotropy, 8 which gives a down-field shift upon the formation of

non-linear hydrogen bonds, due to the loss of axial electric symmetry. The

magnitude of p-oton shifts atten8ing hydrogen bond formation, expressed in
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te.mis of the difference between the shifts for a pure substance in the liquid

azd in the gaseous state, usually amounts to less than 2.5 to 3 parts per mil-

lion, although water and hydrogeni fluoride which are, of course, very highly

associated, have hydrogen bond shifts of 4.58 and 6.65 paets per million,

re sectively .8

In nuclear magnetic resonance experl.ments, chemical exchange usually pre-

vents observation of separate resonances for both hydrogen bonded and non-

hydrogen bonded states in the saeme medium, 0 although it is often possible to

(10) H. S. Gutosky and A. Saika, J. Chem. Phys., 1688 (1953).

detect separate infrared frequencies for individual polymeric species. This

reflects the different time scales of 10 " 3 sec. and 102 sec. required to

average out differences in vibrational frequencies and differences in magnet-

ic resonace frequencies, respectively. However, in the hindered phenols pro-

ton exchange is decreased as well as the extent of association. Thus, it is

possible to bsere separatbe -OH pioton resonances in solutions cotaining

another hydrogen bonding species besides a hindered phenol, and to learn some-

ting about the relative degree of involvement in the bydrogen bonding of the

differexrt -OH gro ups. Furt armore, the very low probability of other than bi-

molecul-ar complexes involv.ing the hindered phenols makes it easier to estimate

the chemical sh'ift character-stic of the dimer p:oton and the equilibrium con-

stant for dimer formation. In the rk reported here, the latter approach was

used with success to derive the equilibrium constants for dimer formation from

concentration dependence measarme-nts of the phenolic -OH proton shifts in sol-

utions of several. hindered phenols in carbon tetzachoride.

The association of the hindered phenols with smller molecules such as

ethanol and dioxane is also affected by the bulky ortho substituents of the

phenols, although one expects the effect to differ from that for associati-

on of like hindered molecues. For example, a small molecule of the right
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shape could hydrogen bond more readily with the -OH in the hindered phenol than

could another molecule of the hindered phenol. This is borne out by the -OH

proton shifts observed in solutions of the hindered phenols in ethanol and in

dioxane. In addition) consideration of the direction, magnitude, and concen-

tration dependence of the shifts of both the phenolic and ethanolic -OH protons

indicates that a bimolecular complex is fozmed between ethanol and a hindered

-dhenol. Moreover, the complex involves association of the phenolic -OH proton

with the ethanol oxygen atom rather than the reverse.

Finally, the results suggest that dilution of equimolecuLlar hindered

phenol-ethanol mixtures with caFbon tetrachloride may yield information regard-

ing the bimolecular complexes, their hydrogen bond strength, and the shifts

characteristic of their -OH protons. Similarly, the teperature dependence of

the -OH shifts in these systems provides evidence bearing u!mon the relative

stabilities of the phenol-ethanol complex and of the two types of dimer.

Experimental

The proton magnetic resonance spectra were measured with a Varian Associ-

ates Model V4300-2, 60 Mc./sec. high resolution n.m.r. spectrometer with a 12-

inch electromagnet, regulated power supply, and superstabilizer. Spinning

sample tubes of nominal 5 m.m. o.d. were used to improve resolution. Sweep

rates were calibrated by means of audiofrequency sidebands of the internal ref-

e'ence tetramethylsilane (TMS), the use of which avoids bulk magnetic suscepti-

bility corrections. Because the sweep rate varied considerably and rapidly,

two audio oscillators were employed in order to place sidebands on either side

of the line whose position was to be measured and in reasonable proximity to

it. The audiofrequencies were monitored by a Hewlett-Packard Model 521C elec-

tronic counter. This calibration was usually satisfactory but three or more
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me ,suements were averaged for most of the samples. The apparent shifts were

not crrected fo.. the intermlacuiar effects of' high concentrations of aromat-

ice on 'the resonance position of the TMS internal reference. These effects'1

(11) E. D. Becker, J. Phys. Chem., j3. 1379 (1959).

are snall compared with the- shitts obsezw-ed in the syste.ms studied here.

For the measurements at elevated temperatures, the Variqan Associates vani-

a2Le tempembature a cessoiee-a with a dewar p.n6te ineertz were employred. Becau se

of the necessity for spirining th-e sample, its temperatnure was not measured di-

rectly. Instead, each ti me the apparatus was assembled, a calibration cure

was onstructed by measuring the temperature of the air e-nteri-.ng the dewar in-

aserb , with a coppe-r-constentan thenimocolple, and also the tempesrature of a liq-

u id in a non-spinning sample tizfse located in the pzn61e. The temperatures of

the samwples whose spect:ra were recorded were then infeared. fxnim this calibrati-

in data and the continucyus.ly m~ or,:ed tempe:ratur.e of the air entering the

Reagent grade ethanol and r.arbon tetracbicallde were used without p'ni-f'Ica-

tilxn but the ca2thon tetrachl1:adde was stored in the dark and in brDwn bottles

in or:der t D m:Lnimize HC1 eto, esricn~a sev-2al concertratinEs CC

emlhaxtiol in carbon tatrachlonide agreed with -those of BeA-Z- Liddel, and Shaol-

e:ry.' 2  Eastmsn "wit l-a Del l,4--dioxane was passed th-rough an allmina column

(12) E, D. Becker, U. Liddel, and J. N. Shoolery, J. Mol. Spectr., 2" 1
(1958).

in o-rdae:r to rem~xve peroxi~de and water. Eastman "wh'tite Labef~ t-butybenzene

which had been dist'illed fri.m calcium ydride w5as used. The hinde-red phenol s
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2-i sopropylphenol, 2, 6-di-isopropyiphenol, 2-t-butylphenol, 2-methyl-6-t-

butylphenol and 2, 6-di-t-butylphenol, which were supplied by the Ethyl Corpora-

tion, were distilled in order to remove some colored material, presumably

peroxide, present in small amounts, but the distillation was negligible in its

influence upon the measured chemical shifts. The components of the solutions

were transferred between ru..bber-stroppered sernn bottles by means of a syringe

i n order to minimize the introduction of water and the solutions were weighed

after the addition of each component in order to determine the concentrations.

Resualts and Discussion

Spectra and Their Interpr-_tation. - Typical proton spectra are reproduced

in Figs. 1 and 2 for equimolecular solutions of 2,6-di-isopropylphenol and of

2-methyi-6-t~.butylphenol, respectively, in ethanol at room temperature. The

spectra are for a magnetic field sweep, increasing from left to right. Nega-

tive sbifts in c.p.s. from TMS correspond to downfield shifts. Assignment of

the lines in the spectra is generally straightforvard. In particular, the -OH

lines ara readily appar ent from 'their cconcentration dependent shifts, and in

"he mixed solutions with two -OH lines the assignments are based on the rela-

tive intensities and the composition of the solution.

The lines of Fig. 1 ara ssi~gned. as follows, reading from left to right:

the phenyl proton lines (-415. cps), the phenolic hydroxyl line, the ethanolic

hdroxil li.,ne, a superposition of -the methylene g-r :up lines of ethanol upon the

septet due to the lone proton of the isopropyl group (-200 cps), the methyl

group of ethanxol, and the reference line of the internal TMS. The lines of

Fig. 2 area, again reading from left to right: the phenyl proton lines, the

phenolic hydroxyl line, the ethanolic hydroxyl line, the methylene lines of

ethanal, -the 2-methyl g"O .P line of the phenol, the methylv. group line of the

phenol followed closely by the methyl triplet of ethanol, and the TMS reference

line.



-500 -400 -300 -200 -100 0
cps

MOLE FRACTION 2,6-DI-ISOPROPYLPHENOL=.50

Fig. 1.. The proton magnetic resonance spectrum (if an equimoleculeZ- MIXtUre Of

2,bS-di-isojoropylphenol and ethanol, 6bserved. at rr.om temperasture With a

60 me./see. spectrometer.
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-500 -400 -300 -200 -100 0
cps

MOLE FRACTION 2-METHYL-6-t-UTYLPHENOL .50

Fig. 2. The proton magnetic resonance spectrum of' an equimolecular mixture of'

2-methyl-6-t-butylphenol and ethaniol, observed at room temperatUre with a

60 M./sec. spectrometer.
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At high ethanol concentration the triplet structure of the ethanolic -OH

line is clearly discernible. Upon dilution or heating of the solution, the

triplet structure is lost and, simultaneously, the methylene group multiplet is

reducesd to the four-line spectrum characteristic of a methylene group whose in-

teraction with the -OH proton is averaged to zero owing to rapid exchange of the

-OH proton. At elevated temperatures, both the ethano7ic and phenolic -OH

proton lines are broadened but they do not coalesce at the maximum temperature

attained in these experiments (ca. 1801C.). However, some of the samples,

which were heated to approximately 230°C. in order to test the strength of the

sample tubes, did exhibit coalesced lines.

Phenolic -OH Shifts upon Dilution.- The chemical shifts at room tempera-

ture of the phenolic -OH proton in 2-isopropylphenol, 2,6-di-isopropylphenol,

2-t-butylphenol, 2-methyl6-t-butylphenol, and 2, 6-di-t-butylphenol are shown

in Figs. 3-7, respectively, as a function of their concentration in carbon tet-

racharo.ide, ethanol, and dioxane. Upon dilution of the phenols with carbon

te trach.orlde, all of the -OH proton shifts are either upfield or negligible.

An opposite effect is observed upon dilution with ethanol or with 1,4-dioxane;

then the phenolic-OH exhibits a downfield shift. The largest difference, be-

tween the line position in the pure phenol and that in an infinitely dilute

solution of' the phenol, in ethanol or in 1,4-dioxsne, occurs in the case of

2-t-butylphenol, the smallest in the case of 2,6-di-t-butylphenol. Further-

more, the shifts in ethanol solution are significantly greater than those in

1, 4-dioxane solution.1

(13) In Figs. .3-7, the concentration units for the carbon tetrachloride and
the ethanol solutions are ordinary mole fractions. However, dioxane has
two hydrogen bonding sites rather than one so it seems more appropriate
t, use a "site fraction'P for the dioxane solutions. These are defined as
Xdt = 2nd/(np+2nd) and Xp' = n/(np+2nd), where subscripts d and p rep-

resent dioxane and phenol, and n is the number of moles.
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Fig. 6. The proton shift of the phenolic -OH in 2-methyl-6-t-butylphenol, up-

on dilution,'3 observed at room temperature with a 60 me./sec. spectrometer.
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Dilution shifts of the phenolic -OH proton have been investigated by Bat-

dorfj,14 by Grnacher and Diehl,15 '16 by Huggins, Pimentel, and Shoolery,17 and

(14) R. L. Batdorf, Ph.D. thesis, University of Minnesota, 1955; quoted by
J. A. Pople, W. G. Schneider, and H. J. Bernstein, loc. cit., p. 412.

(15) I. Gr~knacher and P. Diehl, Archives des Sciences, 12 Fasc. Special, Col-
loque Ampere, 238 (1959).

(16) I. Gr~nacher, Helv. Phys. Acta, 1i 734 (1958).

(17) C. M. Huggins, G. C. Pimentel, and J. N. Shoolery, J. Phys. Chem., 6,
1311 (1956).

by Davis, Pitzer, and Rao.1 8 Grinacher 1 6 distinguishes three groups of sol-

(18) J. C. Davis, K. S. Pitzer, and C.N.R. Rao, J. Phys. Chem., L, 1744
(196o).

vents. A solvent of the first group is a good proton acceptor which forms

stronger hydrogen bonds with phenol than with itself, thereby leading to signi-

ficant, phenolic -OH downfield shifts. Examples are dioxane, ethyl ether, eth-

yl acetate, and to a lesser degree, acetone.14 ,1s Solvents of the second group

do not form hydrogen bonds and the phenolic -OH proton line is shifted very lit-

tle upon initial dilution with these solvents. As dilution is continued, a pro-

nounced upfield shift is observed due to the decrease in the interphenolic

hydrogen bonding. Solvents of this type are cyclohexane, carbon tetrachloride,

and carbon disulfide. The solvents of the third group are chiefly aromatic

compounds or others with whose i-electrons the phenol -OH proton can form a hy-

drogen bond. The iK-electron ring currents produce upfield shifts in such

cases*

P re phenols with ortho substituents forming at most weak intramolecular

hydrogen bonds with the -OH group, e.g. _-cresol and o-bromophenol, 1 9 exhibit

(19) E. A. Allan and L. W. Reeves, J. Phys. Chem., 66, 613 (1962).
-. - -. - -. - -. - -.. .. . -. . -. . - -. . -. .-. .-. .-. .-. .-. .- -. .-. .-. .-
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much larger upfield shifts than does phenol itself.14 Moreover, the -OH reson-

ances undergo much larger downfield shifts upon dilution with acetone than does

that of phenol. This behavior has been attributed to steric hindrance of hydro-

gen bonding in the substituted phenol, relative to phenol itself. Such hind-

rance should have less effect on the strength of the hydrogen bond formed

between a phenol and the small acetone molecule than upon that formed with

another phenol molecule. Our results are in general agreement with this con-

ception, in that the -OH group resonances of the five hindered phenols studied

are shifted upfield very extensively from that of phenol itself. Detailed an-

alysis of the dilution shifts gives association constants which are qualitative-

ly in keeping with the size, shape, and number of ortho substituents.

Equilibrium constants for Dimer Formation.- The dilution shifts for the

carbon tetrachloride solutions are the easiest to analyze, as they should re-

sult very largely, if not entirely, from changes in the hydrogen bonding among

the phenol molecules themselves. Furthermore, as noted previously, it is un-

likely that association of the hindered phenols extends beyond dimer formation.

With these assumptions, the equilibrium constant for dimer formation can be es-

timated from the limiting slope of the dilution shift and the total dilution

shift,' 7 AW)= V _ m where the subscripts d and m refer to dimer and monomer,

respectively. For an open dimer, only one of the two -OH protons in it is in-

volved directly in hydrogen bonding, although there may be an indirect effect

upon the shift of the other. In such a system, with exchange averaging of the

va-(,ous shifts, d is the average shift of the dimer protons and the observ'ed

frequency 12 of the -OH protons is given by

d

wheye r is the number of moles of phenol monomer, at equilibrium, and x is the

total moles of phenol in all forms. Introduction into Eq. (1) of the equilib-

rium constant K = Xd/Xm2 in terms of the mole fractions X, and differentiation,
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leads us to

(d /dX) 0 =2 . (2)

The quantity (&/dX ))CO is the limiting rate of change, at infinite dilu-

tion, of the -OH proton shift with phenol mole fraction. Values for it are ob-

tained readily from the curves plotted in Figs. 3, 4, and 5, and are listed in

Table I. However, these values and Eq. (2) give us only the product Kt1 and an

independent value of AV is needed for the evaluation of K. As a first approxi-

mation we can assume complete dimerization of the pure phenol, which gives

) - 1, (3)

where -1 and Io are pure and infinitely dilute phenol, respectively. The K's

obtained in this way from the data in Table I show that corrections should be

applied for the incomplete dimerization of the pure phenol.

Successive approximations' lead to the values of K and tW given in Table I

for 2-isopropylphenol; 2,6-di-isopropylphenol; and 2-t-butylphenol. For the

latter two compounds, dilution shifts calculated with these values of K and AZ)

fit the observed concentration dependence in Figs. 4 and 5 within the experi-

mental error. But for 2-isopropylphenol, the model is somewhat in error as the

snme computation predicts greater downfield shifts than are observed. This

compound has the largest K, and the implication is that the deviations result

fnm polymer formation. For 2-methyl-6-t-butylphenol and 2,6-di-t-butylphenol,

the ilution shifts are too small to serve as a basis for estimating accurate

values of K and Ap; in fact, the 4 c.p.s. dilution shift for 2,6-di-t-butyl-

phenol is downfield rather than upfield, which indicates the presence of some

sbfti-producing factor other than hydrogen bonding. Still, for these two com-

Ipounds, an upper bound of 0.05 is set for K from the absence of any apparent,

real dilution shifts.
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Table I

Dilution Shiftsa and Dimerization Constants for Hindered Phenols in

Carbon Tetrachloride at Room Temperature

Phenol (d/dx)o o - A A K

2-Isoproyl -568 -259 -366 -i07 -135 1.7

2,6-Di-isopropyl -92 -270 -294 -24 -36 1.3

2-t-Butyl -47 -269 -284 -15 -24 1.0

2-Metbyl-6-t-butyl "J 0 -270 -270 V 0 - - 4 0.05

2,6-Di-t-butyl 4 -298 -294 4 - - 10.05

aThe (negative) -OH proton shifts i)are in c.p.s. downfield from the internal refer-
ence TMS at 60 M./sec.
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The equilibrium constants for dimerization obtained in this study are sum-

maxized in Table II along with results published on related systems for compar-

ison. As expected, the association constants of the hindered phenols are

significantly smaller than for the other phenols, the difference being about an

order of magnitude for the mono-hindered phenols. And, of course, the d-

hindered phenols are associated even less, the decrease in K ranging from a fac-

tor of about 1/2 for the isopropyl phenols to 1/10 for the t-butyl. It is of

interest that 2,6-di-isopropylphenol has a larger K than the mono-hindered

t-butylphenol, which agrees with our observation from molecular models that

there is relatively little hindrance of the -OH group in the 2-isopropylphenol.

The most hindered phenols are the 2-methyl-6-t-butyl and the 2,6-di-t-butyl,

for which the association constants are comparable with or less than the value

of 0.02 found by Allan and Reevesls in their careful n.m.r, study of the weak

intramolecular hydrogen bonding in 2-chlorophenol.

Hydrogen Bonding of Hindered Phenols with Dioxane and with Ethanol.-

Ethanol and 1,4-dioxane are good proton acceptors and because of their small

size should be capable of forming strong hydrogen bonds with hindered phenol-

ic -OH protons, even though the interphenol hydrogen bonding is relatively weak.

In accord with this are the downfield, phenolic -OH shifts, given in Figs. 3-7,

found upon dilution of the hindered phenols with ethanol and d:ioxane and sum-

marized in Table III. For ethanol, further evidence as to the nature of the

bonding is given by the ethanolic -OH shifts in the same solutions. These

shifts, for solutions in the five hindered phenols, are shown in Fig. 8 except

for solutions with a mole fraction of 2-isopropylphenol greater than 0.5, where

the ethanolic -OH line is obscured by the isopropyl-C-H multiplet. In all

cases, the dilution shift of the ethanolic -OH is strongly upfield, indicating

a decrease in the extent of hydrogen bonding. In fact, for all but the more

dilute ethanol solutions, these upfield shifts are larger upon dilution with
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Table II

Equilibrium Constants for Dimer Formation f'or

Several Phenols at Room Temperature

Phenol K Phenol K

ab
p7h'-o9 :t 4I 2,6-Di-isopzrpy 1.3 + 0.5

a b
m-Chloroa 9 :t 4 2-t-Butyl 1.0 + 0.5

O-Cresola 8 + 4i 2,)4-Di-t-butyl c 0.96

Unsubstituted a 13 :t 7 2-metyl-6-t-butyl b --0-05

2Iory b 1.7 :t 0.5 2, 6-Di -t -butyl b-00

2-t-Butyl-1F-methylC 1.37 2-Chloro d 0.02

aReference 17.

bThis research; the errors given are estimates.

0cRfeee 6.

%e±erence 19; this is the equilibrium constant for intrawlecular hydrogen
bonding in a dilute solution of the phenol in CS2 .
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Table III

Differences in the -OH Dilution Shift sa for Solutions

of Hindered Phenols in 1,1 4-Dioxane and in

Ethanol at Room Temperature

Phenolic -OH Ethanolic -OH

Phenol A9(diox) b K c V,(EtOH)b -k'o Aj)(OOH)b

2-Isoproyl -195 14 -273-- --

2,6-Di-isopropyl -120 7.1 -188 -142 -99

2-t-Butyl -191 6.7 -259 -114 -71

2-methyl-6-t-butyl -125 5.6 -192 -142 -99

2,6-Di-t-butyl -52 0.7 -65 -133 -90

aThe (negative) -OH proton shifts )O at infinite dilution, are in c.p.s. downfield
from the internal reference TMS at 60 mc./see,

bThe quantity tA)(S) is defined as ;)OS) - ;0(cCCl4), where )(S is the protgn shift

of the -OH group in question at infinite dilution in the solvent S. The sO(CC1.4)
values for the phenolic -OH shifts are given in Table I.
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I 50I

T -50 + 2,6-DI-t-BUTYLPHENOL

o 2-t-BUTYLPHEN0L
-100 -

0~ L 2-METHYL-6-t-BUTYLPHEN0L

0 0 2,6-I-ISPROPYLPHENOL

15 72-ISOPRPYLPHENOL 4

_j~~4
M7

-30

MOLE FRACTION PHENOL

Fig. 8. The pr'oton shift of the ethanolic -OH upon dilution in solutions of

the hindered phenols, observed at room temperature with a 60 Mc./sec.

spectrometer.
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the phenols than with non-hydrogen bonding solvents such as carbon tetrachlor-

ide. 2 0  However, the limiting shifts at infinite dilution of the ethanol -OH

(20) See reference 12. In addition, we checked the ethanolic -OH shifts in
carbon tetrachloride at several concentrationso and also in t-butyl-
benzene. The upfield dilution shifts in the latter are somewhat larger
than those in carbon tetrachloride over the entire concentration range,
probably because of ring current effects from the aromatic ring. Simi-
lar effects upon the ethanolic -OH shift would be expected in the phenol
solutions; and, therefore, the ,4)(%OH) values in Table III should be re-
duced in magnitude by about 30 c.p.s.

protons in solutions of the hindered phenols are all about -130 c.p.a., as sum-

marized in Table III. Upon comparing this with the ethanolic -OH limiting

shifts of about -30 c.p.s. in non-hydrogen bondig solvents, 20 we conclude that

the ethanolic -OH groups are in materially different limiting states in the two

Cases.

The simplest interpretation of this result is that the phenol-ethanol

complex involves bonding of the phenolic -OH proton to the oxygen atom of an

ethanol molecule. The upfield shift of the ethanolic -OH is attributed to the

breaking of the intermolecular ethanol-ethanol hydrogen bonds upon dilution.

In support of this model, the cu-res shown in Figs. 3-7 for the, concentration

dependence of the phenolic -OH shift in the 1,4-dioxane solutions are very sim-

ilar to those in the ethanol solutions; and in the dioxane solutions the phenol

-OH must be bonded to an oxygen atom in the solvent. It is to be expected that

size and shape effects should alter the relative stabilities of the two differ-

ent complexes, I and II, formed by hydrogen bonding between two different mole-

H HI
OH R :HO-R

(I) (II)

cules, each having an -OH group. Our results indicate circumstances under
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whiLch the relative stabilities differ appreciably and the usual assimption of

ecyal stability may lead to erroneous conclusions.

The phenolic -OH shifts in the dioxane solutions are sma!er than those in

the ethanol solutions by a quite iniform factor of abot 2/3, indicating that

the hyd-rogen bonding is sjstenatically weaker w ith dioxane' 3 than with etbanol.

The hydrogen bond shift, AV(S), which we define as the difference

- o(CC14 ) between the infinite dilution shift ;o in the solve nt S

and that in the inert solvent carbon tetrachloride, is given in Table III for

the dioxane and ethanol solutions. It has been suggested that these shifts can

be co =lated quaI-itatively vLth the relatize -hydrogen bond strengths of the

emplexes. 8 12 1 If this is so, then it appears that the hydrogen bonds in the

(21) G. Korinek and W. G. Schneider, Can. J. Ch.,em,, 1157 (1957).

bimolecular complexes of dioxane with 2-isoproljlphenol and with 2-t-butyl-

phenol are the strongest and of approximately the same strength. Next comnei

2,6-di-isopropylphenol and 2-methyl-6-t-butylphenol, followed by the most

severely hindered phenol, 2, 6-di-t_-butylphenol, which fons only very weak by-

drogen bonds. The larger, phenolic -OH hydrogen bond shifts in ethanol soluti-

on increase in the same order as do those in dioxane solution. However, in the

ethanol solutions, the phenolic -OH is probably not characteristic of a one-to-

one phenol-ethanol complex. This complex is capable certainly of association

with other ethanol molecules, and such association may be an important cause of

the larger phenolic -OH shifts in ethanol compared with those in dioxane.

It is of interest to ccaare the dimerization constants in Table iI for

the hindered phenols with their hydrogen bond shifts in Table III. The main

differences are for the 2-t-butyl and the 2-methl-6-t-butyl phenols, which di-

merize relatively less readily than they associate "with dioxane or ethanol.
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Such differences are quzite plausible in that the steric hindrance of dimer for-

mation will differ from that of association of the phenol with the relatively

sm'all dio~cane or ethanol molecuiles. A similar difference between the access to

the -OH group of a hindered phenol afforded an ethanol molecule anda that af-

forded another phenol molecule, has been observed by Coggeshall and Lang59 in

connection with their investigations of the ultraviolet spectm, of several hin-

dered phenols in ethanol solution.

Neither the dioxane molecule nor the ethanol molecule has ready access to

the -OH group of 2,6-da-t-batylphanol, and the hyidrogen be nd shifts for this

phenol are quite small in both dioxane and etha-nol solutios In this type of

association, the 2, 6-ai-i sonropylphenol and the 2-methyl-6-t-butylphenol

molecules allow essentially equal access to the -0OH gxnup, which is considerab-

ly greater than that for the di-t-butylphenol. The m)onoa1rl phenols,

2-isopropylphenol and 2-t-butylphanol, which exhibit reletiveI7, the same hydro-

gen bond shifts in dioxane or in ethanol sollution, allo-w considerably freer ac-

cess to the -OH group than do the other three phen-ol molecules. The dioxane

molecule is considerably bulkier than the ethanol molecule, which no doubt is a

miyjor cause of the systematic differences between the phenolie -OH shifts in

their solutions.

Phenol-Solvent Association Constants.- In principle, eqgillbrium con-

6tants for the solute- solvent association can be obtained readily from the di41-

llution, shifts if only simple 1:1 complexes are involved. For diluite sol~utions

of a phenol in a proton accepting solvent, this equilibrlum. may be wreitten as

00H + : X 4- ~OW:X ,(4)

xi a

where m, a, and c refer to the monmeric phenol, the uncomplexed acceptor, and

the hydrogen bonded complex. In te.ras of mole fractions, the equilibrium con-

stant for the association may be written as
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K~ =X/XX(5

and the shift 1) of the phenolic -OH proton asl 0

)=(X /Xp) J) + (X /X)) = m+ (X/X)AY (6)

where X= X m + Xis the mole fraction of phenol in both fonns; 1)m and are

-the phenolic -OH shifts in the monomer and comiplex, respectively; and

AV= 1)- IQ. Upon eliminating X from Eq. (6) by introducing the definition

Of Kc., and rearranging the result, we objtain

However, X a 1- X P- Xc and for small X PvirtuaLUy all of the phenol ex-

ists as complex, so Xc X p Thus, the final result is the following limiting

expression for X - 0:

)= (l/ &) + l/K AV(1-2X ) 8)

The -OH shift )2M for the monomeric phenol is at least approximately that found

at infinite dilution in carbon tetrachloride solution ()4 in Table 1). There-

-fore, by taking the experimenta~l values of Z'~and X, and plotting i/(P' )) ver-

suas l/(-2X P) one can evaluate K cand A from the intero-ept and slope at X p=0-

of the resultant curve. An internal consistency check and/or iterative calcu-

lation can be made by comparing the -value obtained for Al" -ia Eq. (8) with that

employed in constructing the curve, i.e. }(X -* 0) - M

Application of this analysis to the data for the dioxane solutions gave

-the association constants listed in Table MII Comparison of these K c i with

-the dimerization constants K in Table I reveals that they fall in the same se-

quence but that the former are about ten-fold larger. The K ' s parallel the

dilution shifts AV'(diLox) reasonably well except that K C Q 6.7 for 2-t-buy-

phenol, which is about the same as the value-s for 2, 6-dli-isopropyl and
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2-methyl-6-t-butylphenol, even though the dilution shifts for the latter are a

good bit smaller. In the case of 2,6-di-t-butylphenol, very inconsistent AV ts

-were obtained, probably because the data, shown in Fig. 7, do not extend to low

enough phenol concentrations to give a very good limiting slope. For the other

solutions, the AV' s calculated via Eq. (8) are within 0 to 15 c.p.s, of the

At(diox) value assumed initially. At high phenol concentrations, the dimeriza-

tion of the phenol competes with the phenol-solvent association. Indeed, the

concentration dependence observed for the phenolic -011 shifts can be fitted

reasonably well in terms of equilibrium constants K and K for the two reacti-C

ons. However, there are too many adjustable parameters for a detailed analy-

sis of this kind to be very meaningful here, especially as the measurements are

not sufficiently accurate for the purpose nor extend to dilute enough solutions.

The phenol-ethanol solutions differ from the phenol-dioxane in that the

solvent is itself strongly hydrogen bonded. Furthermore, as remarked in the

preceding section, at low phenol concentrations the phenol molecules probab-

ly art hydrogen bonded to more than one ethanol molecule. Thus, it is not 'un-

expected that the application of Eq. (8) to the phenolic -OH dilution shifts in

ethsanol leads to generally unsatisfactory results. Similar problems arise in

connection with the ethanolic -OH dilution shifts given in Fig. 8.

Dilution Shifts of 1:1 Phenol-Ethauol in Carbon Tetrachloride.- Some

further, qualitative evidence concerning the nature of the hydrogen bonding

in the phenol-ethanol complex is obtained from the -OH dilution shifts of an

equlmolar phenol-ethanol mixture. Such data are given in Fig. 9 for both the

ethanolic and phenolic -OH resonances in 1:1 mixtures of ethanol with 2,6-di-t-

butylphenol and with 2-isopropylphenol, diluted with carbon tetrachloride. At

infinite dilution of the mixtures, the shift of the ethanolic -OH proton ap-

proaches that for solutions of ethanol alone in carbon tetrachloride. The in-

fiLnite-dilution shift of the phenolic -OH proton in the mixtUre of 2,6-di-t-

bitylphenol with ethanol also approaches the limiting shift for an infinitely
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0 2-isOPROPYLPHENOL: ETHANOL MIXTURE

0 0* 2,6-I-t-BUTYLPHENOL: ETHANOL MIXTURE

a) PHENOL OH SHIFTS

C io b) ETHANOL OH SHIFTS

MOL FRCIO R ETAHLRD

Fi. .Th roo sitso teet~o~c n peolc~Huondluin ±
0: idrd hnlehnlmxue i abnttahoie bevda
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dilute solution of 2,6-di-t-butylphenol alone in carbon tetrachloride. On the

other han.d, the shift of the phenolic -OH proton in the mixture of 2-isopropyl-

phenol uIth ethanol does not seem to approach that for infinite dilution of the

phenol itself in carbon tet-c'hloride; instead the limit appears shifted down-

field by about 100 c.p.s. No doubt this difference results in part from the

fat that the phenolic -OH shifts are not available to low enough dilution.

Also, it indicates that the phenol-ethanol complex is more stable than the phe-

nol d-imer.

In the 0OH-CCI 4 and EtOH-CC1 4 systems, the -OH dilution shifts are gov-

erned by the dimerization equilibria

2%)0H (~OH) 2  (9)

and

2EtOH (EtOH) 2  (10)

However, for the 1-i 0H:EtOH in CC4 system, there is also the competing asso-

ciation reaction

OOH + EtOH - O

Exessions similar to Eqs. (l)-(3) can. be obtained relating the chemical

shifts and their concentration dependences in the 1:1 equimolecular system to

the K's 4 r reactions (9)-(11). The data do not warrant a qtntitative ana2-

sis. But, qualitativey , the apparent doMfield displacement of. the 2-iso-

propylphenol -OH shift, at infinite dilution of the 1:1 mixture, while the

ethanolic -OH is relatively unaffected, requires that the phenol-ethanol

complex be more stable than the phenol dimer and about as stable as the etha.oe_

dimer. On the other hand, the data in Fig. 9 for the 2, 6 -.di-t-btylphenol:ethan.ol

system indicates at most a very weak phenol-ethanol complex.
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Similar conclusions can be reached by comparing dilution shifts for the

phenol-CClA, ethanol-CC1 4 , and phenol-ethanol systems. However, for the lat-

ter the results are complicated by polymer fonmation, the effects of which are

reduced in our experiments where the 1:1 mixtuxe is diluted with an inert sol-

vent. Indeed this approach has general utility in determining the relative

stabilities of complexes by 1MAR experiments.

Tempersture Dependence of -OH Shifts in 1:l Phenol-Ethanol Mixtures.- In

the temperature range 250 up to 1900 the lines of both the ethanolic and phenol-

ic -OH protons in equimolec lar mixtures of the sev¢eral hindered phenols with

ethanol exhibit upfield shifts with increasing temperature. These shifts are

approximately linear functions of the temperature with the exception that the

phenolic -OH shift in 2,6-di-t-butylphenol starts leveling off at temperatures

greater than 100P and approaches a limiting value at 1500. This limiting value

is the sane within experimental ezrror as the infinite-dilution shift of the

phenol alone in carbon tetrachlozide, -298 c.p.s., which is presumably" charac-

teristic of the monomer. The rates of change with tempe-.ature of the proton

shitts of both -OH groups in each of the phenol-ethanol syst-ms are given in

Table IV, together with the temperature range over which they were measured.

The upper litit of this -ange is not fixed by the limitations of the apparatus

except in the case of 2,6-di-t-mbutylphenol. In all the other cases the lines

were broadened and weak or were lost under the allqql group signals before the

instrimental limit of approximately 1850C was reached.

The measurements at higher temperatures are subject to considerable error

not only because the temperature is difficult to measure accuratelv, but also

because the small amount of oxygen present even in thoroug4ly de-gassed

solutions causes oxidation of the ethanol at higher temperatures. The small

amount of acid produced accelerates the proton exchange process ad leads to

broadened -OH proton lines. Some samples which 1ad been heated above 230D in
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Table IV

Tempe.ature Dependencea of the Phenolic and Ethanolic -OH

Shifts in Equinolecular Phenol-Ethanol Mixtures

Phenol Phenolic -OH Ethanolic -OH

c.p.s./deg. max. T c.p.s./deg. max. T

2-Isopropyl 0.86 940 0.69 940

2,6-Di-isopropyl 0.68 130 0.82 110

2-t-Butyl 0.67 125 1.06 125

2-MethyL-6-t-butyi 0.70 128 0.68 93

2,6-Di-t-butyl 0.14b  192 1.38 154

aThe measurements extended from 250 to the maximum temperature given.

bThis coefficient is not constant above l00 ° .
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order to test the strength of the glass sample tubes, subsequently contained

sufficient acid to cause coalescence of the separate ethanolic and phenolic -OH

pr-ton lines to a single line at room temperature whose position was the mean

of those of the indi7idual linles observed in a sample whi.ch bad not prEvoi.sly

been heated.
d e pe-n d

The temperatu-re dependences observed/upon MH for the association and cm

plex f o rnation and also upon the A,4I s involved. We have noted that f or the phe-

nolir, -OH' s there is a cozrelation between the AO) s and -the equilibzriun

constants. In accord with this ar the temperature dependences of the phermlic

-OH shifts, smnarized in Table TV, which parallel the dimerization constants

in Table II and the constants K cin Table III for phenol-eths.Lol complex forma-

tion. Thus, the temperature dependence is largest for the 2-isopropylphenol

and smalllest, by a 6-fold factor, for 2,6-di-t-butylphenol.

For the ethanolic --OH, the temperature dependences in the 1*1 Mixturas are

in reverse order to those for the phenolic -OH. At first, this may seem anoma-

lous. However, it is a natural consequence of the competing reactions (9)-

(11). In the 2,6-di.-t-butylphenol system where the phenol molecules are essen-

tilyinert, the ethanolic -OH temperature dependence results from the theXM_&l

dissociattion of ethanol dimers (and polymers) per reaction 10. But, in the

2-isoprOpYlp'henol system the phenol-ethanol complex is present in high concenl-

tration. Moreover, in this complex the ethanolic -OH shift is less than in the

ethanol dimer (and polymer) because of the asyrmetric nature of the hydrogen

bonding in form I of the complex. Thus, the effect upon the ethanolic -OH

shift of thermal dissociation of thle complex, reaction (1-1), is cancelled in.

part by dimerization of the liberated ethanol, reaction 10.

Shift of the - C-H Proton in Isopropylphenls.- In the course of the

exper iments it was noted t'hat there are appreciable shifts (up to nearly

30 c .p. s.) in the isopropyl C-H przton line depending upon the other sub stitu-

ents. These shifts were measured in the pure liquids at r-oom temperature to be
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-172, -199, and -184 c.p.s., reespectively, at 60 1c./sec., for, isop--rybenzene,

2-iopopl~enland 2,6d-spoypeothe shifts being downfie."ld -with

rspact to, the internal, 12MB refernence. The at that the shift in 2,6-di-

zeo-pinRopypheno1 is vltttal the avnerage of those fo~r isopronylbnsee arza

2-tsoprsjylphenol indicas tha-t move thanI~ a simple, direc-t substituent ell-

fact is involve&.

A likely explanation is theat the dowrnfield shifts result fziom electz'In stat-

f- inter-actions9 betw-ena the -.0H and. --CH(CH3 )2 groups, w11hich also affect. t'he

avezsage rotational co-uto f the isopnroy group withs reect to' the

plane of the benzene ring. TIzos, the stable fc: ra of the 2-i soprojylphenol

p/xlbab~y is that, in whilch the C-H of the isopropyl group is in the plnze of thbe

nng and cis to the pheol. oygen. In the 2,6-d±-.L:.pz;'Pylhsnot ore Of the

isprpy grou7ps cotd have thiLs conftguration but the otheri,2 would be rotated

so thzat, the C-H was trans tD tha oxygen, The l~atter: C-H has an' ennironment

simsarz~a? to that;- in the twoep~rn rotational fozens of isopmogibnsne,

whpida o nt for -the interedjiet shi__ft. .2

(22) Th? mowdel is Similar to that p-nposed to explain the CF3 shsand. the
F-CF'3 cc iPling conan~zts in. subztitated 2-fIuozmbenzct="iflndes; s-ee
H. S. Guto ,,wsky and V. D. ioeJ. Chem. flays. 40~ --- (1963).
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