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17.7, Qoc
c = - 2 7 . 1 , and £>NC

C = -20 .5 . Spin 
densities as calculated by the McLachlan method 
(Table IV) were used. The calculated C13 splittings 
were —5.9, 2.0, and 0.1 gauss for positions 7, 8, and 1, 
respectively. The largest splitting is predicted for 
position 7 and this was confirmed experimentally; 
however, the calculated value was twice as big as the 
observed one. These results therefore suggest that 
the splitting constant of 1.89 gauss is associated with 
position 8 rather than 1. The results of these calcula
tions, although in qualitative agreement with the ex
perimental data, should be treated with some reserve, 
since it has been pointed out by Karplus and Fraenkel22 

that the calculated C13 splittings are very sensitive 

I t has always been difficult to determine the basicities 
of aliphatic alcohols; they are too weakly basic for 

the techniques used in dilute aqueous solutions, and 
they do not have the usual spectral properties which 
have been used to measure base strengths of other com
pounds in concentrated acid solutions.3 Moreover, 
the study of aqueous solutions of alcohol is complicated 
by the similarity in chemical and physical properties of 
the solute and solvent. 

It is not surprising, then, that the first quantitative 
evidence for protonation of a simple alcohol appears to 
have been obtained indirectly from a kinetic study pri
marily concerned with another reaction.4 In their 
studies of the rate of hydride transfer from 2-propanol 
to the triphenylcarbonium ion, Bartlett and McCollum4 

attributed the decrease in rate produced by increasing 
acid concentration to the formation of an oxonium ion. 
Their results indicated a value of —3.2 for the P ^ B H + 

of 2-propanol. (The P^TBH+ is defined as the value of 
H0 for which the ratio (BH+)/(B) = (ROH2+)/(ROH) 
is unity.) Similar kinetic evidence has been obtained 
for 2-propanol in the oxidation by chromium(VI) 
oxide6 (pArBH+ = —3.8) for ethanol in a hydride-
transfer reaction6 (pKBH + = —2.3), and for /-butyl 

(1) This research supported by the U. S. Atomic Energy Commis
sion. 

(2) Max-Planck-Institut fiir Chemie, 6500 Mainz, Germany. 
(3) Cf., for example, E. M. Arnett, Progr. Phys. Org. Chem., 1, 223 

(1963). 
(4) P. D. Bartlett and J. D. McCollum, J. Am. Chem. Soc, 78, 1441 

(1956). 
(5) J. Rocek and J. Krupicka, Collection Czech. Chem. Commun., 23, 

2068 (1958). 

functions of the spin density of a central atom and of its 
neighbors, and cancellations can occur among dif
ferent contributions to the splitting. In addition, 
Das and Fraenkel29 showed that calculated spin densi
ties adjusted to fit the proton splittings are not always 
accurate enough for "blank positions" where no pro
ton is attached. 
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alcohol in the alkylation of acrylonitrile7 (pKB-a + = 
— 3.8). All these systems were studied as relatively 
dilute solutions of alcohol in concentrated acid, as is 
evident from the pK values. (For example, 50% 
sulfuric acid has an H0 of — 3.4.) 

In addition to measurements based on kinetic tech
niques, more direct equilibrium studies have been carried 
out, using the phase distribution of alcohol between 
aqueous acids and organic solvents or pure alcohol. 
These methods indicated that 2-propanol had a pKBn+ 
of around —1.2,6 in contradiction to the result from the 
kinetic method. On the other hand, similar experi
ments by Arnett and his group8 and by Deno and 
co-workers9 tended to confirm the original estimates of 
Bartlett and McCollum for the basicity of simple 
alcohols. Further conflicting evidence was offered 
by an nmr study of ethanol,10 which indicated 50% 
protonation at an H0 value of —4.8, but did not 
give the expected dependence of the chemical shift on 
the acidity function. 

In view of the difficulties of measuring the basicity of 
alcohols, and the contradictory data for them, a new 
technique proposed by Deno and Wisotsky11 is of 
great interest. They measured the Raman intensity of 

(6) W. F. Smith, Ph.D. Thesis, Harvard University, 1960. 
(7) N. Deno, T. Edwards, and C. Perizzolo, J. Am. Chem. Soc, 79, 

2108 (1957). 
(8) E. M. Arnett and .T. A. Anderson, ibid., 85, 1542 (1963). 
(9) N. C. Deno and J. O. Turner, J. Org. Chem., 31, 1969 (1966). 
(10) J. T. Edward, J. B. Leane, and I. C. Wang, Can. J. Chem., 

40, 1521 (1962). 
(11) N. C. Deno and M. J. Wisotsky, / . Am. Chem. Soc, 85, 1735 

(1963). 

Basicities of Methanol and 2-Propanol as Determined by 
Raman Spectrophotometry1 
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Abstract: Raman intensity measurements have been used to determine the concentration of unprotonated alcohol 
in solutions of methanol in aqueous hydrochloric acid and 2-propanol in aqueous perchloric and hydrochloric acids. 
This technique leads to the following values of H0 for 50% protonation: methanol in HCl, —4.86 ± 0-37! 2-propa
nol in HCl, -4.72 ± 0.9s; 2-propanol in HClO4, -5.16 ± O.45. 
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Figure 1. Raman spectra in the region of the methanol C-O 
stretching vibration: , 10% methanol in water; , 
7.5 M HClO4; ,10% methanol in 7.5 M HClO1. 

the C-O stretching band of methanol (at 1021 cm -1), 
which disappears upon formation of the oxonium ion. 
Their data indicate that methanol is half-protonated in 
39% sulfuric acid, which leads to a P-Kj3H

+ of —2.2. 
Their similar spectroscopic determinations for methyl-
amine, acetamide, dioxane, and acetone gave pK 
values in good agreement with those obtained by other 
methods. 

However, in examining their published spectra for 
the alcohol systems, one notes that the 1020-Cm-1 band 
is almost coincident with a strong band of the sulfate 
ion. This necessitates a large background correction 
which may lead to large errors in intensity. We hoped 
to improve upon these measurements by studying meth
anol in acids which do not have a Raman band in this 
region, and also, to extend the method to other alcohols, 
if possible. In this communication we report our re
sults for methanol in hydrochloric acid and 2-propanol 
in hydrochloric and perchloric acids. 

Experimental Section 

Methanol (Baker and Adamson reagent grade) and 2-propanol 
(Baker Analyzed reagent) were used without further purification. 
Solutions in water and in aqueous hydrochloric and perchloric acids 
(both Baker Analyzed reagents) were made up volumetrically. 
Acid concentrations in the alcohol solutions were determined by 
titration of aliquot portions with standardized sodium hydroxide 
solutions, bromthymol blue being used as indicator. Acidity 
functions were obtained from the compilation of Paul and Long.12 

The measurements were made with a Cary Model 81 Raman 
spectrophotometer (Applied Physics Corp.). The 4358-A exciting 
line of the Toronto arc was isolated by means of a circulating filter 
solution of ethyl violet and Cyasorb UV24 (American Cyanamid 
Corp.). Most of the work was done with Pyrex sample cells 19 mm 
in diameter and with a volume of 65 ml; a few measurements were 
also made with 5-ml cells 7 mm in diameter. It has been shown 
previously13 that the temperature within these sample cells while in 
the spectrometer is 33 ± 5°. 

Spectra were recorded with a spectral slit width of 20 cm-1, at a 
speed of 0.25 cm_1/sec, and with a scale of 10 cm-Yin. of chart. 
The sensitivity of the spectrophotometer was set so that the area of 
the unprotonated alcohol peak was about 50 cm2, and areas were 
measured with a planimeter. 

(12) M. A. Paul and F. A. Long, Chem. Rev., 57, 1 (1957). 
(13) K. Heinzinger and R. E. Weston, Jr., J. Chem. Phys., 42, 272 

(1965). 

Results 

In the case of methanol, the band used as a measure of 
protonation was the one at 1020 cm - 1 (in aqueous 
solution) used by Deno and Wisotsky.11 It was 
shown that this band has essentially disappeared in 
concentrated acid solutions (Figure 1). At intermedi
ate concentrations, its position is shifted toward lower 
frequencies, by as much as 10-20 cm -1 , and its breadth 
is increased. These effects may result from changes in 
hydrogen bonding of the alcohol as it competes with 
the hydronium ion for solvent molecules. However, 
in none of the acid solutions were we able to find any 
new bands attributable to the oxonium ion form. As a 
monitor of the lamp intensity (which changes only very 
slowly with the filter solution we use), the weak band 
at 1460 cm - 1 due to the CH3 deformation vibration was 
used. We found this preferable to the C-H stretching 
bands at 2850 and 2960 cm - 1 which Deno and Wisotsky 
used for this purpose. The latter bands are near the 
very strong O-H stretching band of water; hence, the 
base line is very steep, making it difficult for us to ob
tain precise intensity measurements. Some measure
ments were made at alcohol concentrations of 5-20% 
(by volume), but only a 5% solution was used for the 
complete range of acid concentrations. The intensity 
measurements on the aqueous solutions showed that 
the scattered light intensity of the 1020-cm-1 band was 
indeed proportional to the methanol concentration. 
Perchloric acid solutions were not suitable for quantita
tive intensity measurements. The 1020-cm-1 region 
lies between two strong ClO4

- peaks, and it is difficult 
to correct for the resulting curvature of the base line. 
Therefore, we used hydrochloric acid, which has no 
peak in this region, but which limits the experiments to 
a region where H0 is greater than — 4.2. 

The experiments on 2-propanol were all carried out 
with 5% (by volume) solutions of alcohol in aqueous 
perchloric and hydrochloric acids. The spectral region 
where the C-O stretching band is expected to appear 
does not exhibit a single peak at 1020 cm -1 , but rather 
a sharp peak at 950 cm - 1 and a doublet at 1125 and 
1160 cm-1; the intensities of all of these decrease in 
acid solutions (Figure 2). To avoid the strong ClO4

-

bands in this region, we utilized instead a band at 815 
cm -1. This is probably an O-H deformation vibration; 
in any case, the band was found to disappear almost 
completely in strong acid (Figures 2 and 3). Again, 
the band was observed to broaden and to shift to lower 
frequencies in acid solutions. 

Since we had found no particular advantage in the 
procedure of using an internal intensity standard (see 
below), this method was abandoned in favor of a 
simpler procedure. At each acid concentration, we 
made two series of three measurements for the acid 
solution A and the aqueous solution W, each containing 
the same concentration of alcohol. In the first series, 
cell 1 contained A and cell 2 contained W, and intensi
ties were measured in the sequence Al, W2, Al', W2', 
Al" , W2" . To partially eliminate any time-dependent 
variables, the ratios R = A1/W2, R' = Al'/W2', 
etc., were taken. For the second series, the solutions 
were interchanged in the two cells, and the sequence of 
measurements was repeated to give R = A2/W1, etc. 
Finally, since there may be small differences in the 
optical efficiency of the two cells, the preceding ratios 
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Figure 2. Raman spectra of 5 % 2-propanol solutions: 
water; , in 11 MHCl. 

750 

Figure 3. 2-Propanol Raman band used for concentration measure
ments : , 5 % solution in water; , 5 % solution in 11 M 
HClO4. 

were averaged geometrically, so that the final ratio is 
given by R = (A1A2/W1W2)'A, etc. The particular 
method of averaging was shown to be relatively un
important. The same ratios, within the limits of 
experimental error, were obtained by the method just 
described, by the averaging method used previously,13 

or by forming the simple mean ratio, 2A/2W. 

Table I. Raman Intensities of 1020- and 1460-Cm-1 Bands of 
5 % Methanol Solutions 

Solvent 

A 
W 
A 
A 
W 

W 
W 
A 
A 
A 
A 
W 

W 
A 
A 
W 

A 
A 
W 
W 

W 
W 
A 
A 
W 
W 

Peak area 
«1020 

9.76 
12.23 
9.63 
9.49 

11.02 

11.51 
11.60 
8.76 
8.95 
8.88 
8.79 

10.72 

11.49 
8.11 
8.23 

11.29 

7.67 
7.63 

10.64 
11.49 

11.55 
11.88 
6.53 
6.63 

11.03 
11.45 

1460 

Series I, 
6.25 
5.95 
5.93 
5.93 
5.94 

Series II, 
6.95 
5.73 
6.10 
5.59 
5.62 
5.63 
6.02 

Series III 
6.29 
6.04 
5.88 
6.23 

Series IV, 
5.98 
5.89 
6.08 
5.90 

Series V, 
6.42 
5.75 
5.60 
5.71 
6.20 
5.57 

(ROH)A/(ROH)w 

P 11« 

7.32 MHCl , H0 = -
0.830 0.840 

0.862 0.830 
0.851 0.817 

7.32 MHCl , H0 = -

0.766 0.776 
0.851 0.793 
0.840 0.787 
0.830 0.779 

9.58 M HCl, H0 = 

0.713 0.712 
0.745 0.722 

10.96 Af HCl, Jy0 = 
0.680 0.693 
0.691 0.690 

UMMKa1H0 = 

0.622 0.569 
0.617 0.578 

(ROH2-* 
I 

2.71 
0.205 

0.160 
0.175 

•2.71 

0.305» 
0.175 
0.190 
0.205 

- 3 . 4 2 

0.402 
0.342 

- 3 . 9 2 
0.470 
0.447 

-4 .18 

0.607 
0.621 

V(ROH) 
II 

0.190 

0.205 
0.224 

0.289 
0.261 
0.271 
0.284 

0.404 
0.385 

0.443 
0.449 

0.757 
0.730 

In principle, the intensity measurements should be 
corrected by a factor related to optical effects in the 
spectrophotometer and dependent on the refractive 
index of the solution.14 However, in the hydrochloric 
acid solutions, no consistent trend in the intensity of 
the 1460-crrr1 band with increasing acid concentration 
was found, so no correction factor was applied. Of 
course, when the C-H band intensity is used to normal
ize the C-O band intensity (by taking the ratio of the 
integrated intensities), any such optical effect will drop 
out of the final ratio. In the case of perchloric acid 
solutions, where no internal intensity standard was 
used, a correction factor was derived from earlier work 
on perchloric acid.13 

In the most concentrated hydrochloric acid solutions, 
it was found necessary to obtain the spectra immediately 
after preparation of the solutions. Otherwise, a reac
tion took place which produced a water-insoluble phase, 
presumably the alkyl chloride corresponding to the 
alcohol in solution. 

The results of these measurements are shown in 
Tables I—III and Figures 4 and 5. Table I contains 
the relevant data for solutions of methanol in hydro
chloric acid. Ratios (BH+)/(B) = [(B)aqueous - (B)acid]/ 
(B)add were calculated in two ways. Method I uses 
the 1460-cm_1 band as an internal intensity standard for 
the 1020-cm-1 band, while method II simply uses the 
relative intensities of the 1020-cm-1 band in acid and in 
water. In this method, the intensity used for the 
aqueous solution was the mean of values obtained 
during a given series of measurements. Since the two 
methods led to virtually identical results (cf. Figure 4), 
only method II was applied to 2-propanol solutions, 
and the data are in Table II. 

The conventional treatment of data such as these 
calls for a linear dependence of the quantity log [(BH+)/ 
(B)] on the acidity function, according to the equation 

log[(BH+)/(B)] = p t f B H + - f f 0 (D 

« W = water, A = acid. b (1020/1460)A/mean(1020/1460) of 
all W solutions = (1020/1460)A/( 1.88 ± 0.12). ' (1020)Vmean 
1020 for W solutions of same series. d Excluded from least-
squares analysis. 

When the data of Tables I and II are plotted as a func
tion of H0, a linear relationship is found (Figures 4 and 
5), but it is obvious that the slope is much less than 

(14) D. G. Rea, /. Opt. Soc. Am., 49, 90 (1959). 
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Figure 4. Indicator plot for methanol: « , 5 % methanol in HCl, concentrations calculated according to method I described in text; O, 
same solutions, concentrations calculated according to method II; • , 20% methanol in H2SO4.

11 The solid_lines are drawn with the least-
squares parameters of Table III. 
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Figure 5. Indicator plot for 2-propanol: circles, 5% solutions in 
HCl, triangles, 5% solutions in HCiO4. The solid lines are drawn 
with the least-squares parameters of Table III. Closed points are 
data for the 7-mm cell, which were not used in deriving the least-
squares fit. 

unity. A linear least-squares fit to the expression 

log [(BH+)/(B)] = a - bH0 (2) 

was carried out, with the results shown in Table III. 
If we retain the definition of pKBK* as the value of H0 

when (BH+) = (B), then 

P ^ B H + = alb (3) 

The pATBH + values are also included in Table III. 
It might be pointed out that in the range of acid 

concentration used in this work, H0 is very nearly a 
linear function of acid concentration in moles/liter, so 
that we could equally well have used this quantity as the 
independent variable and obtained a linear dependence 
of the quantity log [(BH+)/(B)]. 

Discussion 
Our work leads to much lower estimates of aliphatic 

alcohol basicities than does the published interpretation 
of the Raman measurements of Deno and Wisotsky n 

However, it has been suggested to us by a referee that 
their spectra may be interpreted in a way which removes 
this apparent discrepancy. Thus, if their spectrum of 
methanol in 41 % H2SO4 (Figure 2 of ref 11) consists of 

two nearly coincident peaks of comparable intensity, 
rather than a weak shoulder on a large sulfate peak, the 
intensity of the methanol peak would be comparable to 

Table n. Raman Intensity of the 815-Cm _1 Band of 
5 % 2-Propanol in Acid Relative to That in Water 

(Peak area)A/ 
Solvent — Ho (peak area)w 

(ROH2
+)/ 

(ROH) 

7.49 MHCl 

9.68MHCl" 

9.87MHC1 

11.14 MHCl 

6.02MHClO4 

6.02 M HClO4" 

7.40MHClO4 

8.75MHClO4 

2.65 

3.45 

3.55 

4.05 

2.75 

2.75 

3.90 

4.90 

0.708 
0.691 
0.744 
0.555 
0.593 
0.650 
0.682 
0.639 
0.653 
0.569 
0.550 
0.558 
0.781 
0.789 
0.801 
0.814 
0.729 
0.845 
0.670 
0.656 
0.639 
0.550 

0.412 
0.447 
0.344 
0.802 
0.686 
0.538 
0.466 
0.565 
0.531 
0.757 
0.818 
0.792 
0.280 
0.268 
0.248 
0.228 
0.372 
0.183 
0.494 
0.525 
0.565 
0.819 

a 5-ml cell used, 
sis. 

These data not included in least-squares analy-

TaWe III. Least-Squares Parameters of Eq 2 

Base 

Methanol" 
Methanol6 

2-Propanol 
2-Propanol 

No. of b, 
Acid points slope 

HCl 12 0.335 
HCl 13 0.288 
HCl 9 0.202 
HClO4 7 0.235 

<b) 

0.021 
0.032 
0.032 
0.017 

- P # B H 

4.86 
4.85 
4.72 
5.16 

Xt(PK) 

0.37 
0.65 
0.95 
0.45 

<• Method I (c/ text). t Method II. 

that found in water. Therefore, the extent of protona-
tion would be small, in agreement with what one would 
predict from our measurements. 
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The indirect kinetic estimates of base strengths of 
alcohols give conflicting evidence. For example, 
Bartlett and McCoIl um4 measured rates of reduction of 
triphenylcarbonium ion and dianisylcarbonium ion by 
2-propanol in sulfuric acid. The decrease in the ob
served second-order rate constant was assumed to be 
caused by the transformation of a reactive species (the 
alcohol) into a relatively unreactive one (the oxonium 
ion). The indicator ratio is then given by the expres
sion 

(BH+)/(B) = (W - h)lk, (4) 

where k2 is the observed rate constant and the superscript 
denotes the value of this quantity obtained by extra
polation into the region where no protonation occurs. 
Their data for both carbonium ions may be plotted 
according to eq 2 to give reasonably good straight lines 
with a slope of unity and a pKBK + of —3.2. Perhaps 
significantly they state that it was not possible to find 
the anticipated dependence of the rate constant on H0 

for alcohol concentrations greater than 0.5 M, whereas 
our solutions were 0.65 M. 

A similar hydride-transfer mechanism has been pro
posed by Rocek and Krupicka6 for the acid-catalyzed 
chromate oxidation of 2-propanol in sulfuric acid. 
Their data, plotted according to eq 2, can be made to 
fit a line with unit slope and a pK of — 3.8 in the H0 range 
from —3 to —5, but the deviation from this line is 
very large at higher H0 values. The alcohol concentra
tion for these experiments is not specified in their paper, 
but from other data they give, it appears to be ^ 0.5 M. 

On the other hand, Gold and Satchell16 have found a 
very different dependence on acidity in their study of the 
exchange of tritium between aqueous perchloric acid 
and 2-propanol (concentration, 0.12 M). The rate-
determining step involves either an oxonium ion or a 
carbonium ion derived from it. Their experiments 
show that the logarithm of the rate constant is a linear 
function of H0 throughout the range of —1.26 to —4.33. 
The approach to a limiting value of the rate constant 
which would be expected if the alcohol were completely 
protonated was not observed. This indicates an upper 
limit of about —4.5 for pKBH+. Since these experi
ments were done in perchloric acid, there is again a 
possiblity that the Ho scale is not valid for comparing 
the acidities of perchloric and sulfuric acids relative to 
alcohols as bases. Also, the temperature of these 
experiments was 100°, so that a large temperature 
dependence of the quantity pK — H0 could account for 
the discrepancy. 

Deno, et al.,7 have studied the rate of alkylation of 
acrylonitrile by /-butyl alcohol in sulfuric acid, and 
from their kinetic results they report that p.KBH

 + = 
— 3.8 ± 0.4. The alcohol concentration was ^0.4 M, 
usually 0.21 M. Their value of the pK was obtained by 
using it to calculate the concentration of oxonium ion 
from the stoichiometric concentration of butanol, and 
then searching for the pK value which minimized the 
dependence of the second-order rate constant on acid 
concentration. If their data are analyzed by a method 
analogous to that of Rocek and Krupicka, the pK 
would be somewhat less negative. 

However, conflicting data were obtained by Gold and 
Riley,16 who determined rates of /-butylation of anisole 

(15) V. Gold and R. S. Satchell, / . Chem. Soc, 1930 (1963). 

in aqueous perchloric acid. No leveling-off in the rate 
constant at high acidities was observed, although the 
Ho range extended to —4.53. This sets an upper limit 
of about — 5 for the pKBH + of /-butyl alcohol. 

It has also been reported6 that a kinetic method for 
ethanol gives a pK of —2.3. Thus, the kinetic deter
minations for the various alcohols do not give a self-
consistent set of values, and one can only assume that 
there are mechanistic differences which have not yet 
been completely revealed. In this connection, it is 
interesting to note that the experiments in which the 
rate is determined by the concentration of unprotonated 
alcohol4-6 generally indicate pK's which are more 
positive than those in which the rate depends on the 
oxonium ion concentration.7,15,16 

In general, the kinetic methods suffer from the 
disadvantage of indirectness. The dependence of the 
rate constant on acid concentration is assumed to arise 
from a change in oxonium ion concentration, but 
medium effects which are concentration dependent may 
also contribute. One might expect these medium 
effects to be larger for the kinetic than for the equi
librium measurements, since there is a considerable 
difference between the positively charged reactant and 
the transition state. In equilibrium measurements, 
however, the positively charged species are H3O+ and 
ROH2

+, which are probably quite similar. 
Information about alcohol protonation is also 

available from methods which do not depend on kinetic 
measurements and are probably more straightforward. 
Arnett and Anderson8 have applied a solvent extraction 
method to ra-butyl, sec-butyl, /-butyl, and /-amyl 
alcohols in sulfuric acid. The pK values all lie in the 
narrow range of —2.16 to —2.56. 

Related to this method are the solubility measure
ments of Deno and Turner,9 where the concentrations 
in the aqueous sulfuric acid phase were determined 
spectrophotometrically. The alcohols contained a 
phenyl group at some distance from the site of protona
tion to produce optical absorption in the 260-270-myu 
region. For 8-phenyloctanol, ll-phenyl-2-undecanol, 
and 2-methyl-ll-phenyl-2-undecanol, they obtained 
pK's ranging from —2.3 to —2.5. 

The possible sources of error in these techniques have 
been discussed previously.8 The major assumption in 
the solvent extraction method is that the distribution 
coefficient of the unprotonated base is independent of 
acid concentration, while a similar independence is 
required of its solubility in the work of Deno and 
Turner. Furthermore, the oxonium ion is assumed to 
be insoluble in the organic phase, which may not be 
true, especially if this phase contains a substantial 
amount of alcohol. 

An attempt to use the chemical shift in proton mag
netic resonance spectra of ethanol10 in sulfuric acid 
does not appear to give a valid estimate of the pK, 
probably because of solvent effects. 

Mention should be made of some surprising results 
obtained in relatively dilute (0.1-1.0 M) acid solutions 
of methanol and 2-propanol. Using a method in 
which there is competition for protons between the 
alcohol and a basic indicator, Wells17 obtains very 
high pKBii + values of about — 1. Earlier determina-

(16) V. Gold and T. Riley, ibid., 4183 (1962). 
(17) C. F. Wells, Trans. Faraday Soc, 61, 2194 (1965). 
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tions18 which depend on the kinetics of the photosensi
tized autoxidation of 2-propanol gave even higher 
values. Wells attributes the large differences between 
these results and those in more concentrated acid solu
tions to differences in the acidity of the proton at various 
stages of hydration. 

In conclusion, the following statements about the 
basicities of aliphatic alcohols can be made. 

1. Several kinetic and equilibrium measurements 
have been reported previously which indicate a pK 
range of — 2.2 to —3.8 in sulfuric acid, in agreement 
with the Raman work of Deno and Wisotsky. 

2. Our results, in contrast to these, suggest a pK of 
almost —5, in agreement with kinetic results obtained 
by Gold and co-workers. 

3. The earlier Raman results of Deno and Wisotsky 
can be reinterpreted to indicate that the extent of 
methanol protonation in all of their solutions was very 
small. 

(18) C. F. Wells, Discussions Faraday Soc, 29, 219 (1960). 

I t is well known that many trivalent metals including 
Fe(III) are extracted from aqueous acid halide 

solutions by weakly basic solvents, e.g., diethyl ether, 
as the halometallic acids, HMX4.2-7 It is also gener
ally accepted that there is no primary solvation of the 
metal anion which is tetrahedrally surrounded by 
halides and assumed to be saturated.3 

The common method of studying solvation in 
extraction systems is the so-called dilution technique. 
This essentially involves following the change in the 
distribution coefficient as the extractant is diluted with 
a second inert solvent, all other parameters being 

(1) This work was supported by the Directorate of Chemical Sciences, 
Air Force Office of Scientific Research, under Grant No. AF-AFOSR-
65-65. Work was performed at North Dakota State University. 

(2) R. M. Diamond and D. G. Tuck, Progr. Inorg. Chem., 2, 109 
(1960). 

(3) Y. Marcus, Chem. Rev., 63, 139 (1963). 
(4) V. V. Fomin, "Chemistry of the Extraction Process," National 

Science Foundation, Washington, D. C , 1962. 
(5) A. M. Poskanzer, Ph.D. Thesis, Massachusetts Institute of 

Technology, Cambridge, Mass., 1957. 
(6) J. C. Mendez, Ph.D. Thesis, Massachusetts Institute of Technol

ogy, Cambridge, Mass., 1959. 
(7) R. J. Dietz, Jr., Ph.D. Thesis, Massachusetts Institute of Tech

nology, Cambridge, Mass., 1958. 

4. Contrary to optimistic statements by Arnett,3 

who describes the Raman method as producing "un
equivocal" results, it seems quite clear that estimates of 
alcohol protonation obtained by this method differ 
significantly from several of those obtained by other 
methods. The Raman method, in principle a very 
direct one, may still reflect effects other than protona
tion, such as changes in hydrogen bonding. 

The problem of hydrogen bonding, or more generally, 
of solvent-solute interaction, may well be the key to 
the lack of agreement between the various experimental 
measures of alcohol basicity. By their nature, these 
solutes will be strongly hydrogen-bonded to water 
molecules. In concentrated acid solutions, when the 
water concentration is low, there will be a competition 
between hydrogen bond formation (water-water and 
water-alcohol) and solvation (ion-water and ion-
alcohol). Hence, one might anticipate complex me
dium effects which need not produce the same depend
ence on acid concentration for different methods of 
determining the alcohol basicity. 

held effectively constant. Dilution studies involving 
strong acids and strongly basic extractants have 
generally been interpreted in terms of the concept 
that one may assign all of the observed (coordinately 
solvating) extractant molecules to the hydrated proton. 
This, of course, implies that any additional solvation 
of either ion which might occur is unobservable by the 
dilution technique. This concept has been used ex
tensively by Diamond and co-workers8-11 in the in
terpretation of their studies of strong acid extraction by 
the more basic (than the ethers) trialkylphosphine 
oxides and trialkyl phosphates. Recent work with 
the extremely weakly basic substance nitrobenzene,1213 

(8) D. C. Whitney and R. M. Diamond, J. Phys. Chem., 67, 209 
(1963). 

(9) D. C. Whitney and R. M. Diamond, ibid., 67, 2583 (1963). 
(10) M. I. Tocher, D. C. Whitney, and R. M. Diamond, ibid., 68, 

368 (1964). 
(11) T. J. Conocchioli, M. I. Tocher, and R. M. Diamond, ibid., 69, 

1106(1965). 
(12) R. L. Erickson and R. L. McDonald, / . Am. Chem. Soc, 88, 

2099 (1966). 
(13) C. V. Kopp and R. L. McDonald, "Proceedings of the Confer

ence on Solvent Extraction Chemistry," North Holland Publishing Co., 
Amsterdam, in press. 

Solvation of Extracted Complex Metal Acids. III. 
The HFeCl4-Diethyl Ether System1 

David A. Meyers and R. L. McDonald 
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Abstract: In an attempt to learn more about the solvation of extracted halometallic acids of the type HMX4, the 
effects of acidity, Cl - concentration, and ether concentration on the distribution of Fe(III) between aqueous HCl 
or acidified LiCl and diethyl ether-benzene mixtures were studied. The solvation number of the extracted ion 
pairs is near 4. A comparison of these results with nitrobenzene solvation studies has tempted us to suggest that with 
very weakly basic extractants one may not, on the basis of available data, definitely reject the possibility that anion 
(or dipole) solvation might play a significant role in the extraction of acids. 

Journal of the American Chemical Society / 89:3 / February 1, 1967 


