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Abstract: The variation of the H g acidity function with temperature has been defined by the extent of ionization of triaryl-
carbinol indicators at temperatures of 25, 40, 60, 80, and 90°. The correlation of H g and temperature is expressed by an em-
pirical equation which should have important applications in mechanistic investigation. A linear relationship is found be-

tween the pK g+ values at 25° and AH3s.

Previously, we have reported investigations on the varia-
tion of Ho in aqueous sulfuric acid with temperature? and
the correlation of the pK, values of the nitroaniline indica-
tors with AH,5 in a linear free energy-enthalpy correla-
tion.? In continuation of these studies, we have now ob-
tained data on the temperature dependency of the H g scale
in aqueous sulfuric acid. This variation had previously been
investigated by Arnett and Bushick:* however, their results
extended only to 45°. They concluded that the H g scale be-
comes steadily more negative with increasing temperature
for solutions above 65% but that it behaved erratically and
discontinuously in lower concentrations. For example Hg
for 20% H,SO, was reported as —1.69 (0°), —1.70 (15°),
—1.33 (30°), and —1.49 (45°). These conclusions appeared
suspect for at least two reasons: (i) there is no analogy with
the temperature variation of the Hg scale,? the work of
Gel'bshtein® being incorrect, and (ii), although the erratic
behavior made it difficult to interpolate for 25°, if this is
done approximately then significant discrepancies are found
with the results reported by Deno® for the single tempera-
ture of 25°. Values of H g at elevated temperatures would
be most useful for the elucidation of carbonium ion type
reactions carried out in aqueous sulfuric acid above room
temperature. We ourselves are particularly interested in the
variation of nitronium ion concentration with temperature,
for more explicit elucidation of nitration studies in hetero-
aromatic compounds,” following Moodie and Schofield’s
demonstration® that the acidity variation of the rate con-
stants for such nitrations are given by eq 1. Unfortunately,

log &y = —(Hg + log aHZO) + constant (1)

extrapolation of Arnett’s Hg scale to higher temperatures is
impossible because of the discontinuous variation reported
(see figure quoted above for 20% H,SO,). It was therefore
essential to reinvestigate the temperature variation of Hg.
Our studies have now shown that the earlier conclusions4
are incorrect; the Hg scale is proved to be a well-behaved
continuous function of temperature and does indeed show
considerable analogy to the temperature dependence of the
Hy scale.

Throughout these investigations, the experimental tech-
niques and methods of calculation outlined in the previous

paper? were employed. No modification or extension was
required. Random checks on instrument reproducibility
using the results of the initial paper entirely confirmed their
accuracy.

Errors. Correlation coefficients and standard deviations
shown in the tables were calculated by standard formu-
las. %10

Experimental Section

Materials. Sulfuric and hydrochloric acids were Analar grade
reagents. Water was purified as previously.”

The triphenyimethanol indicators used for the determination
were 4,4'.4”-trimethoxy, 4,4’-dimethoxy (as chloride) (solutions
made up with the chloride), 4-methoxy-4’-methyi, 4-methoxy (as
chloride), 4,4’,4”-trimethyl, 4-methyl, unsubstituted, 4,4’,4”-tri-
chloro, 4-nitro, 3,3/,3"-trichloro (as chloride), 4,4’-dinitro (as chlo-
ride), 4,4.4”-tris(trimethylammonium) (as perchlorate), and
4.4’ 4”-trinitro. These were prepared and purified by standard pro-
cedures. Their analyses corresponded with their molecular formu-
las and their melting points agreed with previous workers.® Syn-
thetic difficulties often encountered in this field were found here—
intractable gum and tar formation from which products crystal-
lized reluctantly in low yield. It has been suggested®* that the trini-
trocarbinol is unstable; our observations confirmed this and
showed that it is also light sensitive. Stock solutions of this com-
pound were therefore kept in the dark at —80°. The measurements
on the indicator showed that the results were accurate up to and at
60°, but above this, at 80°, they were less reliable and impossible
to obtain at 90°, because decomposition had become so rapid. Ex-
tensive checks on all the other indicators showed them to be stable
in all strengths of sulfuric acid at 90°.

Methods, The preparation of solutions and their spectrophoto-
metric determination were carried out precisely as described pre-
viously.?? Medium effects on uv spectral characteristics were in all
cases negligible.

Results. The pKg+ values for the anchoring indicator, 4.4/.4”-
trimethoxytriphenylcarbinol were measured in aqueous HCL. They
are recorded in Table 1. Table Il gives indicator data. Measure-
ments of / ([R*]/[ROH]) were made for the whole indicator se-
ries, in aqueous sulfuric acid, at temperatures of 25, 40, 60, 80, and
90°. Readings for each indicator were made at two or three differ-
ent wavelengths, and each set of determinations was duplicated.
The averaged values of log / were then plotted on large scale graph
paper and values read off at close intervals of acidity as given in
Table 111, which also contains the complete set of data for the first
two indicators of the series, from which the accuracy and repro-
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Table I. pKz- Determinations of 4,4’,4’’-Trimethoxytriphenyl-

carbinol in Aqueous Hydrochloric Acide
Molal

coner, — —-pKr+ (apparent)—————— —
pcH? 25° 40° 60° 80° 90°
0.052 0.840 0.894 0.980 1.065 1.117
0.084 0.842 0.903 0.990 1.082 1.130
0.100 0.847 0.907 0.998 1.095 1.139
0.131 0.862 0.917 1.011 1.103 1.153
0.143 0.871 0.924 1.018 1.115 1.166
0.160 0.873 0.927 1.029 1.129 1.178
0.195 0.888 0.937 1.038 1.134 1.189
0.243 0.906 0.960 1.059 1.166 1.219
0.320  0.939  0.973 1.093 1.206  1.267

pKr+¢ Temp (°C) Correlation coefficient

0.817 = 0.002 25 0.989

0.874 &= 0.002 40 0.983

0.959 2 0.002 60 0.995

1.044 £ 0.002 80 0.994

1.089 & 0.002 95 0.994

2 Absorbance measured at 482, 486, and 488 nm; the ionization
ratios are calculated, and then averaged. " pcH = —log [H"], see
ref 2. ¢ Averaged from three reading collections, of which the results
above are one.

ducibility of the readings may be judged. Table II] may be found
in the microfilm edition of this volume. See paragraph at end of
paper regarding supplementary material. Table 1V gives pKgr+
values at the various temperatures, and the regions of overlap
available for calculation of ApKgr+ and Figure 1 shows the plots of
log I vs. % H2SOy4 at the temperature extremes. The “parallelism™
of such plots is best judged by the correlation between one set of
log I values and the next in the overlapping region. Such a process
may be computerized? and the relevant figures are given in Table
V. It can be seen that the degree of parallelism is poor in several
cases, notably the overlap between indicators 9 and 10 and 10 and
11. This stems from the very high slope of the log I/per cent
H>SO. plots which would necessitate the preparation of an inordi-
nately large number of indicators for experimental observation of
overlap in regions where log / values are most accurate, which
must be considered in conjunction with synthetic difficulties. In
this context the % correlations reported in the discussion section
can be taken as an important verification of the validity of our re-
sults. but we are not unaware that we have previously? criticized
other workers with regard to inadequate overlap.

Table VI gives the temperature variation of the H g scale. Table
VI gives a direct comparison of our H g values with those of Ar-
nett* and of Deno.® Whereas the agreement with Deno is satisfac-
tory, there is significant disagreement with the other data.*
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Figure 1. Logarithm of the ionization ratios of triarylcarbinols vs. %
sulfuric acid at: (a) 25°, (b) 90°.

H r was found to be proportional to 1/T (degrees absolute), so
that previously discussed methods? were used to calculate figures
for A and B, given in Table VII1, from eq 2. Figure 2 shows the
H g scale and its temperature variation diagrammatically.

Hy, = A/T + B 2)

Discussion

Our values for Hg yield excellent straight lines, all of
correlation coefficient better than 0.995, when plotted

Table TI. Indicator Data
Compound

no. Triphenylmethanol Mp, °C Lit. mp, °C Ref
1 4,4’,4”’-Trimethoxy 82.5-83.5 83.5-84 a
2 4.4’-Dimethoxy (as the chioride) 113-114 114-115 b
3 4-Methoxy-4’-methyi Analysis obtained of oil which could c

not be crystallized

4 4-Methoxy (as the chioride) 118-121 124 b
5 4.4’ 4" -Trimethyl 92.5-93 94 d
6 4-Methyl 73-74 73-74 e
7 Unsubstituted 162-163 164.2 f
8 4,4’ .4’"-Trichloro 92.5-93.5 98 g
9 4-Nitro 97-98 h

10 3,37.3”’-Trichloro (as the chioride) 89-91 90-92 i

11 4,4’-Dinitro (as the chloride) 138-139.5 141 j

12 4,4’,4""-Tris(trimethylammonium) 293-294 dec 296 dec k

13 4,4’ 4’’-Trinitro 188-189 189 !

* A, Baeyer and V. Villiger, Ber., 35,1189 (1902). ® A. Baeyer and V. Villiger, Ber., 36, 2790 (1903). ¢ Reference 9b. ¢ A, C. Faber and W. Th.
Nauta. Recl. Trav. Chim. Pays-Bas, 61, 469 (1942). < S. F. Acree, Ber., 37, 992 (1904). / R. C. Weast, Ed., “Handbook of Chemistry and
Physics,” 53rd ed, Chemical Rubber Company, Cleveland, Ohio, 1972, p C-371. ¢ O. Fischer and W. Hess, Ber., 38, 335(1905). * A. Baeyer
and V. Villiger, Ber.. 37,606 (1904). * C. S. Marvel, H. W. Johnston, J. W. Meier, T. W. Mastin, J. Whitson, and C. M. Himer, J. Amer. Chem.
Soc., 66,914 (1944). / K. Ziegler and W. Mathes, Justus Liebigs Ann, Chem., 479, 118 (1930). * M. A. Murray and G. Williams, J. Chem. Soc..
3322 (1950). ¢ P. J. Montagne, Recl. Trav. Chim. Pays-Bas Belg., 24, 127 (1905).
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Table IV. pKy - Values of Triarylcarbinols
Compd pPKr
no. 25° 40° 60° 80° 90°
1 0.82 + 0.00 0.87 = 0.00 0.96 = 0.00 1.04 =0.00 1.09 = 0.00
2 —1.02 = 0.043 —0.88 = 0.034 —0.60 = 0.006 —0.36 = 0.038 —0.21 =0.015
3 —2.84 = 0.057 —2.62 3= 0.006 —2.44 4 0.012 —2.04 = 0.033 —1.93 &= 0.054
4 —3.51 =0.272 —3.35 = 0.211 —2.97 = 0.154 —2.27 = 0.010 —2.224+£0.164
5 —4.46 = 0.101 —4.06 = 0.048 —3.43 = 0.010 —2.57 £ 0.102 —2.533-0.153
6 —5.70 = 0.207 —5,24 £ 0.153 —4.59 = 0.083 —3.57 = 0.014 —3.37 == 0.016
7 —7.66 3= 0.050 —7.02 £ 0.090 —5.87 = 0.151 —4.59 = 0.093 —4.42 = 0.122
8 —8.64 = 0.038 —7.95 = 0.021 —6.59 = 0.072 —5.17 £ 0.053 —4.92 4+ 0.03
9 —9.76 = 0.107 —9.01 =0.117 —7.58 &= 0.048 —6.15 £ 0.021 —5.59 £ 0.04
10 —11.77 £ 0.163 —10.84 = 0.083 —9.14 = 0.028 —7.60 = 0.02] —6.94 £ 0.00
11 —13.06 = 0.300 —12.16 = 0.157 —10.21 = 0.107 —8.38 = 0.101 —7.46 4= 0.093
12 —15.77 = 0.097 —14.40 = 0.040 —12.60 = 0.064 —10.84 = 0.092 —9.90 = 0.03
13 —16.68 = 0.148 —14.96 2= 0.247 —13.06 &= 0.191] —11.14 = 0.095
Table V. Values of Slope in Region of Overlap Table VI. Hz Values at Different Temperatures
Overlap Slope Overlap Slope Wt 7
5 0759 78 074 H,S0, 25 40 60 80 90
2-3 1.412 8-9 1.340 6 —-0.08 —0.08 0.05 0.09 0.12
3-4 1.629 9-10 3.091 8 —0.03 —0.03 —0.02 —0.02 —0.02
4-5 0.749 10-11 2.108 10 —0.55 —0.54 —0.44 —0.40 —0.26
5-6 1.877 11-12 0.682 12 —0.78 —0.75 —0.65 —0.63 —0.60
6-7 1.244 12-13 1.705 14 —1.02 —1.00 —0.90 —0.85 —0.80
16 —1.25 —1.23 —1.15 —1.05 —0.95
18 —1.350 —1.45 —1.38 —1.25 —1.15
20 20 —1.75 —1.70 —1.60 —1.40 —1.35
22 —2.05 —1.95 —1.86 —1.60 —1.50
24 —2.23 —2.20 —2.15 —1.75 —1.66
B 26 —2.55 —2.50 —2.36 —1.90 —1.85
757 40° 50° 80° 90° 28 —2.85 —2.80 —2.60 —2.10 —2.01
30 —3.15 -3.10 —2.85 —2.30 —2.12
32 —3.45 —3.35 —3.10 —2.50 —2.34
34 —3.75 —3.60 —3.35 —2.65 —2.55
36 —4.15 —3.95 —3.60 —2.85 —2.75
38 —4.60 —4.28 —3.90 —3.05 —2.90
40 —5.00 —4.65 —4.15 —3.25 —3.10
42 —5.35 —5.05 —4.45 —3.50 —3.35
44 —5.80 —5.40 —4.75 —3.75 —3.60
46 —6.20 —5.75 —5.05 —4.00 —3.85
48 —6.60 —6.10 —5.35 —4.25 —4.10
50 —7.05 —6.50 —35.70 —4.55 —4.40
52 —7.45 —6.90 —6.03 —4.80 —-4.7C
56 —8.40 —7.83 —6.80 —5.50 —5.25
58 —9.00 —8.30 —7.20 —5.80 —5.55
60 —9.50 —8.85 —7.70 —6.20 —5.85
62 —10.00 —9.40 —8.15 —6.65 —6.25
64 —10.50 —9.95 —8.60 —7.05 —6.65
66 —11.00 —10.40 —9.05 —7.45 —7.05
68 —11.55 —10.85 —9.40 —7.80 —7.35
70 —12.05 —11.25 —9.80 —8.25 —8.15
72 —12.55 —11.75 —10.15 —8.70 —7.90
74 —13.05 —12.20 —10.50 —-9.10 —8.20
76 —13.50 —12.65 —10.95 —9.40 —8.45
T TH e T 78 —13.95  —1305 —11.35 =975 —8.70
100 80 —14.34  —13.50 —11.75  —10.10 —8.95
% HyS0, 82 —14.80 —13.90 —12.15 —10.50 —9.25
) . 84 —15.30 —14 .35 —12.60 —10.85 —9.60
Figure 2. H g vs. % sulfuric acid. 86 15 80 _14.75 —12.00 —11.30 —9.90
. 88 —16.15 —15.20 —13.45 —11.65 —10.25
against H¢ at the same temperature. The slopes are 1.923, 90 —16.75 —15.60 —13.85 —12.05 —10.60

1.764, 1.751, 1.572, and 1.476 with intercepts —0.165,
—0.400, —0.167, —0.061, and —0.101 at 25, 40, 60, 80, 90°
respectively. The small but significant variation in these
slopes suggests that the relationship between acidity func-
tions varies slightly with temperature.

Our work on the nitroaniline bases? showed that the
stronger bases of the series decreased in basicity as temper-
ature was increased, and the reverse was true for the weaker
bases. The transition came with 2-chloro-6-nitroaniline,
whose pK , remained constant at ca. —2.40. The variation
of pK r+ with temperature (Table IV) shows an increase in
the stability of the carbonium ions, uniformly over the
whole acidity range.

It is of interest to utilize these pK g+ values in a Ham-
mett equation treatment. Previous results have already been
investigated using the Yukawa-Tsuno equation (3).!" How-

log K/Ky = plo + »lo* — o)) (3)

ever, the use of this equation and the value of » derived have
been interpreted in terms of the difference between the ex-
tent of carbonium ion formation in the reaction under con-
sideration and the reaction defining ¢* constants, the ion-
ization of phenyldimethylcarbinyl chlorides.!? In the case
under study here, deviations from ¢% could arise not only
from this cause but also because of the inability of the rings
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Tabie VII. Comparison of Hg Values Table IX. Thermodynamic Parameters of Triarylcarbinols
This This Compd AG?®, cal AH*®, cal
% work Deno?® Arnett* work Arnett* no. mol~! mol~! ASY, esu
HS0. 2 30 40 h 1 1,118 & 30 —2,137 + 89 10.87 = 0.3
10 —0.55 —0.72 —0.20 —0.54 —0.29 2 —1,391 & 58 —6,215 =192 16.01 = 0.813
20 —1.75 —1.92 —1.33 —1.70 —1.49 3 —3,873 £ 78 —6,970 + 202 10.24 + 0.605
30 —3.15 —3.22 —2.78 -3.10 —2.80 4 —4,787 £ 371 —10,713 = 1193 19.34 = 3. 14
40 —5.00 —4.80 —4.50 —4.65 —4.35 5 —6,083 = 138 —15,766 = 886 3213 = 2.78
50 —7.05 —6.60 —6.40 —6.50 —6.23 6 —7,774 = 282 —18,485 = 1636 35.40 = 4.52]
60 —9.50 —8.92 —8.61 —8.85 —8.88 7 —10,447 =+ 68 —26,219 = 88 52.35 = 0.445
70 —12.05 —11.52 —11.67 —11.25 —12.01 8 —11,783 = 52 —30,040 *= 587 60.66 = 1.79
80 —14.34 —14.12 —15.28 —13.50 —15.80 9 —13,311 = 145 —32,685 = 487 64.12 = 1.727
90 —16.75 —16.72 —18.42 —15.60 —19.43 10 —16,052 £ 222 —37,679 = 1301 74.74 =3.719
11 —17,811 &= 409 —43,582 + 729 87.06 = 1.870
12 —21,507 = 131 —44,548 £+ 165 76.78 = 0.283
Table VIII. Values of the Constants 4 and B in the Expression 13 —22,748 = 209 —48,104 = 563 85.08 = 1.121
Hy(T) = A/T + B
Wt % —(4 X Wt 7 —(4 X Table X. pKg--Zo™ Correlations at Elevated Temperatures
acid 1073) B acid 107%) B .
Correlation
6 0.358 1.118 50 4.534 8.235 Temp, °C coefficient
8 0.021 0.040 52 4.765 8.616
10 0317 0514 54 4.910 8.726 - s 0.9073
12 0.315 0.270 56 5.329 9.585 60 —3'046 0'9977
14 0.355 0.177 58 5.883 10.820 80 —2.623 0'9954
16 0.419 0.180 60 6.115 11.137 90 2']54 0'99_]
18 0.496 0.192 62 6.272 11.166 < 773
20 0.638 0.421 64 6.476 11.354
22 0.826 0.765 66 6.640 11.408
24 0.827 0.628 68 7.059 12.246
26 1.123 1.295 70 6.950 11.298
28 1.337 1.719 72 7.534 12.831
30 1.574 2.234 74 7.819 13.273
32 1.727 2.445 76 8.078 13.733
34 1.932 2.837 78 8.302 14.052
36 2.311 3.699 80 8.440 14 .155
38 2.769 4.791 82 8.605 14.254
40 3.156 5.679 84 8.846 14.575
42 3.359 6.018 86 9.034 14.704
44 3.719 6.762 88 9.012 14.315
46 3.990 7.270 90 9.392 14.969
48 4.262 7.778

+
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Figure 3. pK, values vs. Za™ for triarylcarbinols at 25°,

to become mutually coplanar. A plot of Zo* vs. pKgr+ (Fig-
ure 3) at 25° yields a good straight line. Significant devia-
tions are found only for the 4,4’-dimethoxy, the 4,4’ 4”-tri-
methoxy, and the 4,4’,4”-trimethyl derivatives, suggesting
that » in the Yukawa-Tsuno equation is unity and that de-
viations are due to restriction of mesomerism in the carbo-
nium ion arising from noncoplanarity.

The effective ot value for 4,4’,4”-tris(trimethylammo-
nium perchlorate)triphenylmethanol is 2.20; this gives a
value of o, of 0.75 for N*(CHs)s3, much nearer to its op
value (0.88) than its reported o, value (0.40). This con-
firms the result, predicted by the ¢ correlation of the tri-

AH /K cal mol-!

ok
x 13
20+
ke vy 1
10 20 30
AG/Kcal mol -’

Figure 4. Free energy-enthalpy correlation for triarvicarbinols at 25°;
O, our data; X, data of Arnett.*

methylanilinium ion on nitration,!? that the value of 0.40
originating from the tert-cumyl chloride hydrolysis is in
error, although it should be noted that N*(CH3)s can func-
tion as a resonance donor with a contribution of —0.15 to its
a0 constant,'* a value which could well be even more nega-
tive in its ot constant. As in the case of the pK ,-tempera-
ture variation gf H, indicators,® AG,s was found to corre-
late with AH ;s to reveal a linear free energy-enthalpy rela-
tionship. The thermodynamic parameters are given in Table
IX, and the plot is shown in Figure 4, for which the best
straight line is given by eq 4. Also plotted on Figure 4 are

AG' = 0.47T0AH,, + 1186 (4)

Arnett’s* results; the true magnitude of the discrepancies
between these and those of the present work is apparent.

Katritzky, et al. | Temperature Variation of Hg Acidity Function
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It is of interest to note that Hepler' has demonstrated
that only for a reaction series entailing a linear AG-AH re-
lationship can a Hammett type correlation be followed pre-
cisely at more than one temperature, although this is diffi-
cult to check experimentally.!? Table X shows the p values
obtained for plots of the form of Figure 3, using the results
at temperatures 25, 40, 60, 80, and 90°, and omitting in the
determinations of 4,4’,4”-trimethoxy-, 4,4’-dimethoxy-,
4,4’ 4”-trimethyl-, 4,4’ 4”-trichloro-, and 4,4’,4”-tris(tri-
methylammonium perchlorate)triphenylmethanols.

The existence of correlations between pK , values derived
from the acidity function approach, and other physicochem-
ical parameters not depending on acidity function theory
for their definition, is of vital importance in establishing the
thermodynamic validity of such pK, values. Such correla-
tions have been reported for the Hy scale;>!¢ the ¢* corre-
lations and the linear free energy-enthalpy relationship dis-
cussed above in the present study testify to the authenticity
of the pK'r+ and hence HR values obtained. These pK g+
values (eq 5) are thus thermodynamic quantities accurately

pAp+ = 0.00034AH,; + 0,86919 (5)

related to the standard state of pure water. The Hg values
may be utilized with some confidence for the correlation of
rates for appropriate acid catalyzed reactions at elevated
temperatures; in this context work is currently in hand!” to
utilize these data in the interpretation of nitration studies’
as detailed initially.
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Abstract: The temperature-dependent nmr spectra for a number of closely related substituted ethanes have been studied by
full line shape analysis to give barriers to rotation. These range from 10.4 to 13.8 kcal mol~!. The variation in barriers can-
not be explained satisfactorily by primary steric effects alone. The data are best rationalized on the basis of a compression ef-

fect operating in the eclipsed transition state.!

When rotation of a tert- butyl group attached to an sp?
hybridized carbon atom is slow on the nmr time scale, it is
usually possibie to obtain activation parameters for the
rotation by examining the temperature dependence of the
nmr spectrum.? Bulky substituents, such as alkyl groups? or
halogen atoms* raise the barrier to rotation due to increased
steric interactions along the r-Bu-C(sp?) bond in an ec-
lipsed transition state. However, substituent effects on bar-
rier heights cannot always be explained by such primary
steric effects along the ethane bond and more subtle secon-
dary effects need to be considered. We now describe one of
these, that of bulky groups not directly attached to the eth-
ane bond, but separated from it by one atom, i.e., 3-substit-
uents, which give rise to unusually high barriers to rotation.

For example, while the barrier in hexamethylethane (1)
may be reasonably estimated to be between 9.6° and 10.0°
kcal mol~!, we have found that introduction of two rert-
butyl substituents in a 8 position giving 2,2,4,4,5,5,7,7-oc-
tamethyloctane (2) leads to a barrier of 13.8 keal mol™'.
An interpretation of this and other observations is presented
in this paper.
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