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Substitution at Saturated Carbon. Part 212 Effect of Alcoholic Sol- 
vents on the Enthalpy and Entropy of the Tetraethyltin-Mercury( 11) 
Chloride Transition State and of the t-Butyl Chloride Solvolysis Transition 
State; Comparison with 1 :I Electrolytes 
By Michael H. Abraham, Department of Chemistry, University of Surrey, Guildford, Surrey GU2 5XH 

Heats of solution are reported for tetraethyltin and mercury(t1) chloride in methanol, methanol-t-butyl alcohol 
mixtures, and t-butyl alcohol. With previous data on free energies, these measurements lead to entropies of transfer 
as well as enthalpies of transfer from methanol to the other solvents of tetraethyltin, mercury(1t) chloride, and the 
tetraethylfin-mercury(t1) chloride transition state. It is shown that the very large variation in AS% for the reaction 
between tetraethyltin and mercury(tt) chloride is almost entirely due l o  initial state effects. Heats of solution of 
t-butyl chloride in a number of pure alcohols have been determined and lead similarly to enthalpies and entropies 
of transfer of the solvolysis transition state from methanol to the ofher alcohols. Variations of the entropy of the 
[Et,Sn-HgCI,]% and [ButCI]t transition states with change of alcoholic solvent are quite small, whereas the entropy 
of dissociated species such as (Pr,N+ + I-) or (Me,N+ + Cl-) is considerably lower in the less polar alcohols than 
in methanol. It is suggested that these dissociated species are poor models for the particular transition states 
discussed, and that in general thermodynamic properties of polar, electrically neutral, transition states are not 
comparable quantitatively with those of dissociated species, as far as variation with solvent is concerned. 

A NUMBER of studies have been reported on the vari- 
ation of enthalpy or of free energy of transition states 
with change of solvent (see ref. 2) , but to date there have 
been few such studies on the entropy of transition 
states. This is not surprising, since in order to dissect 
solvent effects on values of ASS into initial-state and 
transition-state contributions, it is normally necessary 
first to carry out dissections in terms of both enthalpy 
and free energy. In this way, the effects of aqueous 
alcoholic solvents on AH$, AGS, and ASS have been 
analysed into ini t ial-st ate and transit ion-st ate con tri- 
butions both for the solvolysis of t-butyl chloride 
and for the bimolecular reaction of tetraethyltin with 
mercury( 11) ~hloride.~ Few generalisations , however, 
are possible because of the large influence that the size 
of a species has on its entropy of transfer to and from 
aqueous media.5 The effect of non-aqueous solvents on 
values of AGS, AH$, and AS% has been analysed in terms of 
initial-st ate and transi tion-st ate contributions only for 
the Menschutkin reactions of pyridine with benzyl 
halides; ,s6 the marked decrease in ASS on transfer from 
methanol to dimethylformamide has been shown to arise 
largely from t ransition-s t ate effects. * 

Abraham and Behbahany have determined activation 
parameters for reaction (1) using a number of methanol- 
t-butyl alcohol solvent mixtures ranging from pure 
methanol to pure t-butyl alcohol. Now since Abraham 

Et,Sn + HgC1, + EtHgCl + Et,SnCl 

and Dorrel19 have dissected the variation in AGS for 
* Studies have been carried out on reactions of anions with un- 

charged solutes, but in these cases an extrathermodynamic 
assumption is always needed in order to  deduce the effect of 
solvents on the anion and on the charged transition state (see 
e.g. ref. 7). 
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reaction (1) into initial-state and transition-state 
contributions, it remains only to carry out a similar 
dissection of AH% in order also to separate A S  into 
initial-state and transition-state effects. 

Solvent Efects on Reaction (l).-The effect of metha- 
nol-t-butyl alcohol mixtures on the enthalpy of the 
transition state (Tr) in reaction (1) can be analysed in 
terms of equation (2), where AHt" is the standard en- 
thalpy of transfer of a solute from the reference solvent 1 

AHb"(Tr) = 

(methanol) to solvent 2, and AHl% and AH,* are the 
activation enthalpies in solvents 1 and 2; for brevity 
AH2% - AH,% will be referred to as 6AHt. Equation (2) 
assumes that the activation parameters for equation (1) 
refer exclusively to attack by HgC1, and not to attack 

by HgC1, plus H&1. However, it has been shown lo that 

in methanol H&l is kinetically not significant and 
therefore the activation parameters refer only to attack 
by HgC1,. This should be the case also in the less polar 
alcoholic mixtures. The enthalpy of transfer of a 
solute, AH,", can be obtained from the heat of solution 
at  infinite dilution of the given solute in solvents 1 and 
2 [equation (3)]. 

AHto(Et4Sn) + AH,"(HgCl,) + AH2% - AHl$ (2) 

(3) 
Determination of the heats of solution of tetraethyltin 

and mercury(I1) chloride presented no difficulties except 
for mercury(I1) chloride in mixtures containing large 
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proportions of t-butyl alcohol. In  these cases, the low 
solubility and consequent low rate of dissolution of the 
solute in the solvent resulted in less accurate determin- 
ations. Additionally, since t-butyl alcohol is a solid 
at 298 K, heats of solution in pure t-butyl alcohol were 
determined at 299 K. Results of the determinations are 
in Table 1;  the new values for AH," in methanol agree 

TABLE 1 

Heats of solution (cal mol-1) of tetraethyltin and mercury(I1) 
chloride in methanol-t-butyl alcohol mixtures, at 
298 K 

XMeOH hH,O(Et,Sn) AHSO (HgC1,) 

0.70 1160 +910 
0.60 1070 1 360 
0.40 1 060 2 410 
0.30 1170 3 060 
0.20 1220 3 850 
0.06 1 340 4 990 
0 (299 K) 1 460 6 320 

1 1 840 -710 
0.84 1370 -310 

Mol fraction methanol. 6 Ref. 10 gives 1 860. Ref. 10 
gives -690 and ref. 11 -710. 

well with the older values.l0J1 Values of AHso(Et4Sn) 
are fairly constant over the solvent range covered, 
although it is interesting that a minimum value is 
reached a t  a molar fraction of methanol (XMeOH) of 
0.45. The AHso(HgC1,) values, on the other hand, 
become increasingly more positive as xMeOH becomes less, 

TABLE 2 
Calculation of enthalpies of transfer from methanol to 

methanol-t-butyl alcohol mixtures of the transition 
state in reaction (l) ,  at 298 K 

AHto/kcal mol-l 

XMeOH a 

1 
0.84 
0.70 
0.50 
0.40 
0.30 
0.20 
0.05 
0 

6AHt 
0 
0.50 
0.80 
0.05 

-0.80 
- 1.95 
-2.40 
-3.95 
- 4.05 

, 
Et,Sn 

0 
- 0.47 
-0.68 
-0.77 
-0.78 
- 0.67 
-0.62 
-0.50 
-0.39 

HgClz 
0 
0.40 
0.90 
2.07 
3.12 
3.77 
4.56 
5.70 
6.03 

Tr ' 
0 
0.43 
1.02 
1.35 
1.54 
1.15 
1.54 
1.25 
1.59 

a Mol fraction methanol. Ref. 8. 

possibly because mercury(@ chloride is solvated by 
methanol much more strongly than by t-butyl alcohol. 

Combination of the AH," values in Table 1 (as AHt") 
with the corresponding enthalpies of activation yields 
the required values of AHt"(Tr), in Table 2. We esti- 
mate the overall error in these values to be ca. h0.3 
kcal mol-l. The reduction in 6AH$ when X M ~ O H  is less 
than ca. 0.4 is clearly due to an initial-state effect, since 
AHto(Tr) is always positive. An interesting feature of 
the 6AHt values is the smooth maximum that occurs at 
%&&OH ca. 0.7. Table 2 shows that the maximum arises 
from a combination of initial-state and transition-state 
effects. 

* Strictly, the values of 6AHt should also be recalculated on 
the mol fraction scale, whereas the values of Table 2 are the 
original molar values. However the difference between AHrx 
and AHtc is small, and the difference between 6AHtX and 
GHtC is quite negligible. 

The present enthalpy values may be combined with 
the free energy data of Abraham and Dorrell to yield 
entropies of transfer through an equation similar to 
equation (2). Results are in Table 3, where all ASt" 
values refer to the mol fraction scale.* The error in the 
final values of ASto(Tr) is mainly due to the error in 
8ASt and is ca. 2 cal K-l mol-l. Values of ASto(Et4Sn) 
are not exceptional, but those of ASto(HgC1,) are so 
large that they must reflect the solvation of mercury(I1) 
chloride in the more methanolic media. The main 
feature of the SASS values (Table 3) is the large reduction 
as the solvent becomes less polar; for the extreme sol- 
vents methanol and t-butyl alcohol, 6AS$ = -22 cal 

TABLE 3 
Calculation of entropies of transfer, on the mol fraction 

scale, from methanol to methanol-t-butyl alcohol 
mixtures of the transition state in reaction (1), at 
298 K 

ASto/cal K-l mol-l 
h r \ 

XHeOR 6ASt Et,Sn HgC1, Tr 
1 0 0 0 0 
0.84 0.4 -0.2 0.6 0.8 
0.70 0.6 0.0 1.4 2.0 
0.50 -2.8 0.7 4.2 2.1 
0.40 -6.1 1 .o 7.3 2.2 
0.30 - 10.3 1.7 9.0 0.4 
0.20 - 12.4 2.1 11.2 0.9 
0.05 - 19.6 3.1 14.4 -2.1 
0 -22.0 3.9 15.3 --2.8 
a Mol fraction methanol. From ref. 8, after conversion to 

K-l mol-l. Now there is considerable evidence that the 
transition state for reaction (1) is similar in these two 
solvents, and in the various solvent mixtures. Reaction 
(1) exhibits positive kinetic salt effects in methanol, 
methanol-t-butyl alcohol mixtures, and t-butyl alcohol, 
with the polar term z2d approximately constant over the 
entire range.8 Constitutional effects of various alkyl 
groups in R4Sn on rate constants for the R4Sn-HgC1, 
reaction are very similar in methanol and t-butyl 
alcohol.12 Hence the Et,Sn-HgC1, transition state is 
likely to be geometrically similar, and of similar polarity 
in the methanol-t-butyl alcohol mixtures used. A 
conventional explanation of the variation in 6ASt 
would attribute the variation to a transition state effect, 
with the polar transition state undergoing a decrease in 
entropy on transfer to the less polar media, perhaps due 
to ' freezing-out of solvent molecules. The present 
work shows that this explanation cannot be correct, 
since the decrease in 8ASt is seen to be almost entirely 
the result of initial-state effects over the whole solvent 
range. For transfer from methanol to t-butyl alcohol, 
ASto(Tr) is only -3 cal K-l mol-l, whereas A s t o  (reac- 
tants) = +19 cal K-l mol-l, and for transfer to most of 
the solvent mixtures, ASto(Tr) is slightly positive. The 
maximum in SAS$ at X M ~ O H  ca. 0.7 is due to a combin- 
ation of initial-state and transition-state effects, but I 
wish to concentrate on the main features of the entropy 

l1 C. T. Mortimer, H. 0. Pritchard, and H. A. Skinner, Trans. 
Faraday SOC., 1952, 48, 220. 

l2 M. H. Abraham, F. Behbahany, and M. J .  Hogarth, J. 
Chew. SOC. ( A ) ,  1971, 2566. 

the mol fraction scale. 
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data: the decrease in 6ASt due to initial-state effects, 
and the apparent anomaly in that a polar transition state 
would be expected to give rise to negative values of 
ASt"(Tr) on transfer to a less polar solvent. Unfor- 
tunately, there are few data with which to compare the 
entropy values obtained in the present work, and so I 
thought it of interest to determine values of AS,"(Tr) for 
the solvolysis of the t-butyl halides, since these transition 
states in alcoholic solvents are known to be quite highly 
polar. 

Solvent Efects on the Solvolysis of t-Butyl Halides.- 
The effect of alcoholic solvents on values of AGt for the 
solvolysis of t-butyl chloride and bromide has already 

TABLE 4 
Thermodynamics of transfer a of t-butyl halides 

from methanol to other alcohols, a t  298 K 
Solute Solvent AH,," AHt" AGto ASt" 
ButCl MeOH 360 0 0 0 

EtOH 339 -20 -2260 0.8 
PrnOH 427 +70 -340 1.4 
BunOH 530 +I70 -460 2.1 
PriOH 836 +480 -300 2.6 

EtOH 401 -70 -390 1.1 
PrnOH 451 -20 -500 1.6 

ButBr MeOH 475 0 0 0 

AH," (this work), AHt", and AGt" in cal mol-1; Asto in cal 
All on the mol fraction scale. 

been dissected into initial-state and transition-state 
contributions. In addition, Rudakov and Tretyakov 
have carried out an analysis in terms of enthalpy and 
entropy, using data on heats of solution of t-butyl 
chloride derived from the variation of the Henry's law 
constant with temperature.13 Since this method is not 
very reliable, it seemed better to determine the necessary 
AHs"(ButX) values by direct calorimetry. Details of 
the measurements are in Table 4; the present value for 
AH,"(ButC1) in ethanol, 339 cal mol-l, compares well with 
that reported by Stoffer l4 (332 & 8 cal mol-l).* The 
thermodynamic parameters, AGt0,16 AH,", and ASt", for 
transfer of the t-butyl halides from methanol to various 
alcohols are also given in Table 4; as in the case of 
transfer of tetraethyltin from methanol to methanol-t- 
butyl alcohol mixtures, variations in AH," and ASt" are 
small. 

Although there is general agreement between various 
workers as to values of the rate constant for solvolyses of 
t-butyl chloride a t  298 K, there is not such agreement 
concerning the activation parameters AH$ and AS1 for 
solvolyses in pure alcohols. Only for solvolyses in 
methanol 17-19 and perhaps ethanol l7 can the quoted 
activation parameters be considered reliable, and for the 

* A value of 361 cal mol-1 was obtained earlier by Arnett.16 
13 E. S. Rudakov and V. P. Tretyakov, Reakls. spos. org. 

l4 J. 0. Stoffer, W. C. Duer, and G. L. Bertrand, Chem. 

16 E. M. Arnett, W. G. Bentrude, and P. McC. Duggleby, J .  

K-1 mol-l. 

Soedinenii, 1965, 2(4), 142. 

Comm., 1969, 1188. 

Amer. Chem. SOC., 1965, 87, 2048. 

79, 5937. 

4291 ; values of AH: recalculated in the present work. 

M. H. Abraham, J.C.S. Perkin 11, 1972, 1343. 
S. Winstein and A. H. Fainberg, J .  Amer. Chem. SOC., 1957, 

I *  J. Biordi and E. A. Moelwyn-Hughes, J .  Clzem. SOC., 1962, 

other alcoholic solvents, I have calculated the values of 
AH$ from various recorded rate constants at different 
temperatures. 16, 20-22 The activation parameters for 
solvolysis of t-butyl chloride are in Table 5,  together 
with values for the t-butyl bromide solvalysis from the 
work of V i r t a n e ~ ~ . ~ ~  Combination of these AHZ values 
with data on AHto(ButX) yields the values of AH," for 
the transition states, Table 6. As suggested by Rudakov 
and Tretyakov,21 initial-state effects are small. Since 
all the AG," values are known for these transfers,2,16 the 

TABLE 5 
Activation parameters a for the solvolysis of t-butyl 

halides a t  298 K 
Halide Solvent -log k AGt AH: A S  Ref. 
ButC1 MeOH 6.10 25.77 25.10 -2.2 c 

EtOH 7.07 27.10 26.10 -3.4 17 
*OH 7.33 27.45 26.0 -5 d 
BunOH 7.39 27.53 23.6 -13 d 
R'OH 7.74 28.01 24.5 -12 d 

But13r MeOH 4.46 23.54 23.00 -1.8 23 
EtOH 5.35 24.75 24.40 -1.2 23 

AGt and AH$ in kcal inol-I; A S  in cal K-1 mol-1. b Values 
AH: taken as the average of values cal- 

AH$ calculated from rate 
from refs. 2 and 16. 
culated from data in refs. 17-19. 
constants given in refs. 16 and 20-22. 

TABLE 6 
Calculations of enthalpies of transfer from methanol to 

alcohols of transition states in the solvolysis of t-butyl 
halides, a t  298 K 

AHt"/kcal mol-1 
& 

Halide Solvent 6AHr ButX Tr 
ButCl MeOH 0 0 0 

EtOH 1.0 0.0 1.0 
PrnOH 0.9 0.1 1 .o 
BunOH -1.5 0.2 -1.3 
R'OH -0.6 +0.5 -0.1 

ButBr MeOH 0 0 0 
EtOH 1.4 -0.1 1.3 

corresponding ASt" values may be calculated (Table 7) .  
It is surprising that the entropies of transfer of the polar 
solvolysis transition states are numerically small. 
Arnett,% in his analysis of the effect of ethanol-water 
mixtures on AH$ for solvolysis of t-butyl chloride, 
showed that salts such as (Me4N+ + Cl-) and (Me3S+ + 
C1-) were reasonable models for the solvolysis transition 
state. Since then, it has been shown that, in terms of 
free energy, salts of type (Me4N+ + X-) were not very 
good models, .but that ion pairs (Me4NX) were much 
better transition-state models.16 There seems little 
possibility of obtaining accurate entropies of transfer of 
such ion pairs, but it is clearly of interest to see if AS," 

C .  R. Turnquist, J. W. Taylor, E. P. Grimsrud, and R. C .  
Williams, J .  Amer. Chem. SOC., 1973, 95, 4133; values of AH: 
recalculated in the present work. 

20 E. S. Rudakov and Y .  A. Kivalin, Reakts. spos. org. Soedi- 
nenii, 1964, 1(2), 114. 

21 E. S. Rudakov and V. P. Tretyakov, Reukts spos. org. 
Soedinenii, 1965, 2(1), 135. 

22 A. 0. Korgesaar, V. H. Timotheus, and V. A. Palm, Tr. 
Kon f. Po Probl. Primeneniya Korrelyatsion Uravneniiv Organ. 
Khim. Turtusk Gos. Univ. Tartu, 1962, 1, 265. 

23 P. 0. I. Virtanen, Suomen Kern., 1967, MB, 179. 
24 E. M. Arnett, in ' Physico-chemical Processes in Mixed 

Aqueous Solvents,' ed. F. Franks, Heinemann, London, 1967. 
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values for dissociated pairs of ions are in any way com- 
parable with values for the solvolysis transition state. 

Comearisons of Solvent Efects ON 1 : 1 Electrolytes with 
Transition States.-Tetra-n-propylammonium iodide was 
chosen as a suitable electrolyte. Heats of solution were 
determined at  various final concentrations, and extra- 
polation to zero concentration by methods outlined 
before 25-27 yielded the AH,' values in Table 8. As a 
check on the purity of the salt, its heat of solution in 
water was also determined. Combination of the derived 
AH,"(Pr,N+ + I-) values with corresponding AG," 
values yields the entropy of transfer of the dissociated 
pair of ions, Table 9. Use of Abraham's method then 

TABLE 7 
Calculation of entropies of transfer, on the mol fraction 

scale, from methanol to alcohols of transition states in 
the solvolysis of t-butyl halides, a t  298 K 

ASt"/cal K-l niol-1 
7*- 

RutC1 MeOH 0 0 0 
EtOH -1.2 0.8 -0.4 
PrnOH -3  1 -2 
BunOH -11  2 -9 
R'OH -10 3 -7 

ButBr MeOH 0 0 0 
EtOH 0.6 1.1 1.7 

Halide Solvent A S  But X T? 

TABLE 8 
Heats of solution (cal niol-1) of tetra-n-propylanimonium 

iodide, a t  298 K 
Solvent AH," 

2 770," 2 740 
6 l l O c  
6 280 EtOH 

PrnOH 6 830 
BunOH 5 l O O b  
R* OH 6 200 

%H 

C. M. Criss and 0. N. Bhatnagar, J .  Phys.  Chem., 1969, 73, 
174; T. S. Sarma, R. K. Mohanty, and J. C. Ahluwalia, Trans. 
Furaday Soc., 1969, 65, 2333. This work, extrapolated to  
infinite dilution and corrected for ion association. c Calculated 
from the value of 2 770 in water, and the single-ion transfer 
values given in ref. 6. 

TABLE 9 
Entropies of transfer,a on the mol fraction scale, from 

methanol to alcohols, a t  298 K 
Pr,N+ + I- 

AGt" AH- A s t o  
MeOH 0 0 0 0 
EtOH 2.0 0.2 -6 - 12 
PrnOH 3.2 a 0.7 -9 - 16 
BunOH 3.8 -1.0 -15 - 22 
Pr* OH 4.1 0.1 - 13 - 20 

AGt" and AHt" in kcal mol-'; A&" in cal K-1 mol-1. 

r Me,N+ + X- 

b Refs. 
d Calculated by the method in ref. 5 .  

M. H. Abraham and A. F. Danil de Namor, unpublished work. 

enables AS," values to be deduced for the pair of ions 
(Me,N+ + X-), where X = C1 or Br, Table 9. 

Comparison of data in Tables 7 and 9 shows at  once 
that the pair of ions (Me,N+ + CI-) is not at all a suitable 
model for the t-butyl chloride solvolysis transition 
state, a t  least in terms of entropy. Especially in the 

26 Y . - C .  Wu and H. L. Friedman, J .  Phys.  Chem., 1966, 70, 

C. de Visser and G. Somsen, Rec. Trav. chim., 1972, 91, 942. 

2 and 16. This work. 

601. 

more polar alcohols ethanol and propan-1-01, ASb" for 
(Me,N+ + C1-) is far more negative than that for 
[ButC1]t. The same also is true for (Me,N+ + Br-) as 
compared with [ButBr]l for transfer from methanol to 
ethanol. 

It is now possible to review the data on the [Et,Sn- 
HgCl,]t transition state, Table 3, in the light of the 
above results. Of course, transfers of the bimolecular 
reaction transition state are from methanol to mixed 
solvents and not to pure alcohols, but the mixed solvents 
(Table 3) are all alcoholic in type. If transfers from 
methanol to an alcoholic solvent of E = 20 are considered 
(e.g. to propan-1-01 and to MeOH-ButOH of X M ~ O H  0.5) 
and if we compare species of about the same molar 
volume, then we have for ASto in cal K-l mol-l: 

[Et,Sn-HgCl]t + 2 and (Pr,N+ + I-) - 9 
[ButC1]l - 2 and (Me,N+ + C1-) - 16 

It seems as though quite polar transition states such as 
[ButClIt give rise to A s t o  values that are not highly 
negative. Since charge separation in the [Et,Sn-Hg- 
C1,]3 transition state is considered to be less than in the 
[ButClIt transition state, it is not surprising that its 
entropy of transfer is less negative. The data in Table 3 
are thus not incompatible with a transition state that 
carries a moderate charge separation, and the present 
results do not conflict with previous conclusions that the 
transition state is quite polar in character. 

At the present state of knowledge, it seems difficult to 
draw rigorous conclusions as to the nature of transition 
states from just a knowledge of entropies of transfer. 
For the methanol-alcohol systems discussed in the 
present work, much' 'more entropy data are required in 
order to reach definite conclusions. 

EXPERIMENTAL 

The solvents, and the various solutes used, were exactly 
as described previously.6,8 Heats of solution of Et,Sn and 
HgC1, in the MeOH-ButOH mixtures were obtained by 
using the apparatus described before.1° Heats of solution 
of Pr,NI, ButC1, and ButBr in the alcohols were determined 
by using an LKB solution calorimeter; some of these 
measurements were carried out in the usual manual way, 
but others were performed by using a flat-bed recorder 
coupled to the LKB calorimeter in order to provide a 
continuous read-out of the calorimetric run. In all cases, 
corrections were made for the heat of breaking of the am- 
poule. For the volatile solutes But& and (especially) 
ButCl there is also a correction to be made for condensation 
of the solute vapour in the vapour space of the ampoule. 
In order to reduce the size of such corrections heats of 
solution of these two solutes were determined with much 
larger quantities of solute (and hence less vapour space) than 
usual, the final solutions being about 3 x 10-2~. Thermo- 
chemical functions refer to the isothermal process at 298 K 
and are expressed in terms of the defined calorie (4.184 0 J) .  

I thank Dr. R. A. Schulz for help with the calorimetric 
equipment. 
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