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THEORETICAL CALCULATION OF A SOLUTION 
PHASE TORSIONAL FREE ENERGY PROFILE. 

T-ETHYLIMIDAZOLE IN WATER 
DAVID R. LOWIS, JONATHAN W. ESSEX and W. GRAHAM RICHARDS 

Oxford Centre for Molecular Sciences, Physical Chemistry Laboratory, 
South Parks Road, Oxford, OX1 3QZ, UK 

(Received May 1992, accepted May 1992) 

Ab inifio molecular orbital calculations, in conjunction with Monte Carlo statistical mechanics 
simulations, have been used to calculate the torsional free energy profile for sr-ethylimidazole in 
aqueous solution. Geometry optimisations were carried out with 3-21G and 6-31G* basis sets on 
various conformational forms of sr-ethylimidazole. Electron correlation energies were calculated from 
the 6-31G' optimised geometries using Mdler-Plesset second order perturbation theory and single 
point calculations with the STO-3G basis set were used to obtain an estimate of atomic polarisation 
effects. Gas phase torsional energy barriers were found to be small; -7-8kJmol-' for the principal 
barrier and -4.5-5.5 kJmol-' for the subsidiary barrier. Free energy perturbation theory was then 
applied in Monte Carlo simulations to examine the effect of solvation on the calculated gas phase 
torsional energy profile. The variable torsion angle of a single r-ethylimidazole molecule in a periodic 
box of 505 TIP4P water molecules was changed in discrete steps from 0" to 180" and the incremental free 
energy changes calculated. The calculated solution phase free energy results were of high precision and 
showed that solvation raised the principal torsional barrier (T = 180") by 1.8 kJmol-l and moved the 
subsidiary barrier from T = 45" to T = 0". The small free energy changes calculated were found to be 
t h e  result of small differences between much larger enthalpy and entropy changes. Enthalpic and 
entropic effects were partly rationalised in terms of solute-solvent radial distribution functions although 
solvation effects were considerably more complex than expected. 

KEY WORDS: Free energy perturbation, torsional free energy profile, sr-ethylimidazole, Monte 
Carlo, radial distribution function. 

INTRODUCTION 

The mode of action of drug molecules in the body involves their binding to 
macromolecular receptors. If the nature of these drug-receptor interactions can be 
elucidated then, in principle, pharmacologically active molecules can be designed. 
One  of the fundamental physical properties affecting binding is the compatibility of 
the receptor structure with the shape of the drug molecule. Hence, the thermally 
accessible conformations of the drug molecule will critically affect binding. 

Experimental studies on small molecules in solution, such as n.m.r, look only at 
molecular conformations which have an appreciable population [ 11; these are not 
necessarily the molecular shapes which are essential for binding at a particular 
receptor. Theoretical studies are not limited in this way, and can therefore be used 
to study all molecular conformations. Comparison of the thermally accessible 
conformations of related pharmacologically active molecules can enable the 
molecular shape essential for activity at a particular receptor to be found [2] .  In the 
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370 DAVID R .  LOWIS, JONATHAN W. ESSEX AND W. GRAHAM RICHARDS 

CH3' 

z=O0 I z = 180" CH,' 

N CH,' 

\ 
H' 

H* 
H' 

b N \  

H* 
Figure 1 The above figure shows the two extreme conformations of w-ethylimidazole with 7'00 
and T =  180". The CH united atom, ( N ) - H  proton and methyl group mentioned in th'e discussion 
section are marked with asterisks. 

past, such studies have involved the calculation of gas phase torsional energy 
profiles by ab initio [3] or semi-empirical [4] methods. Whilst this approach has met 
with considerable success the important effect of solvation has been neglected. 

This paper outlines how gas phase a6 initio calculations can be combined with the 
free energy perturbation (FEP) theory, in the context of Monte Carlo (MC) 
molecular simulations, to calculate a solution phase torsional molecular free energy 
profile, rr-ethylmidazole was chosen as a simple test case as it possesses only one 
torsional degree of freedom which is similar to the 7, torsion in histamine, the 
value of which is thought to play a part in activity at the HI receptor [ 5 ] .  

METHOD 

A b Initio calculations 
The Gaussian 88 program [6] was used to perform ab initio molecular orbital 
calculations on the Cray X-MP at the Rutherford Appleton Laboratory. Full 
geometry optirnisations were carried out on thirteen different conformational 
forms of rr-ethylimidazole at  values of T ranging from 0" to 180" (see Figure 1) 
in increments of 15", at the 3-21G [7] and 6-31G* [8] basis set levels. The 6-31G* 
calculations were supplemented by the calculation of single point electron 
correlation energies via second order Mdler-Plesset perturbation theory [9]. 
Finally, single point calculations were carried out on the 6-31G* optimised 
geometries at the minimal basis set, STO-3G [lo], level to obtain an estimate of 
atomic polarisation effects [ 111. 

MONTE CARL0 SIMULATIONS 

A series of MC statistical mechanical simulations were carried out on a system of 
one methylimidazole molecule surrounded by 505 water molecules in a cubic box 
to which periodic boundary conditions were applied. The TIP4P model [12] was 
employed for solvent-solvent interactions whilst OPLS parameters [13] were used 
to describe m-ethylimidazole which was represented by eight united atoms. 
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a-ETHYLIMIDAZOLE IN WATER 371 

Metropolis [ 141 and preferential samplling [ 151 were employed throughout all 
simulations. Spherical cut-offs for intermolecular interactions were applied at 9 A 
for both solvent-solvent and solute-solvent interactions with the cut-off criterion 
such that if one atom of the solute lay within the cut-off then interactions with all 
other solute atoms were included in the calculation. Empirical parameters which 
determine the range of solute molecule movement and the size of system volume 
moves were optimised in a series of short test jobs to achieve solute move and 
volume move acceptance rates of around 40 per cent [16] .  

Free energy perturbation theory was used to calculate the change in the 
intermolecular contribution to the free energy as the CH-C-CH2-CH3 dihedral (see 
Figure 1 )  was increased from T = 0" to T = 180". Increments of lo" were used in 
order that the free energy changes calculated would have precise values. The free 
energy difference accompanying a change in T from pi to T ~ ,  where T~ = T ~ +  

AT, Ar being equal to lo", is given by equation ( 1 )  [17].  Ej-Ei is the difference 
in solute-solvent interaction energies between systems T~ and T~ and the average, 
denoted by < >i,  is based on sampling over configurations of T ~ ,  

AG = G j -  G i  = - kT In < exp ( - (Ej-E,)/kT) >i ( 1 )  

If the value of Ej-E, is large, i.e. there is too great a disparity between reference, 
T~, and perturbed, T ~ ,  systems then equation ( 1 )  will be slow to converge [ H I .  For 
this reason small perturbation windows of lo" were used, and the Z-matrix 
describing the solute structure was set up such that the imidazole ring remained 
fixed whilst the ethyl side chain was moved in the perturbation. In a previous series 
of simulations the ethyl side chain was fixed and the imidazole ring twisted in 
increments of 15". This generated free energy results with a significantly greater 
hysteresis and larger uncertainty than the data presented here. Moreover, this data 
gave the spurious result of altering the position of the global minimum from the gas 
phase value of T = 105" to T = 0". For this reason we emphasise that care must be 
taken in ensuring the convergence of equation (1). 

The simulations were run using the BOSS program [19] on a Hewlett Packard 
700 series computer. The BOSS program incorporates double wide sampling by 
monitoring three solutes simultaneously, the reference solute, T~ and two 
perturbed solutes, T~ k AT. Simulations were run with T , = O " ,  lo", 20", 30", 
40", . . . 180" in order to obtain AG values for both forward and backward 
perturbations, i.e. T~ - > T ~  and 

Each simulation consisted of 2.3 x lo6 configurations of equilibration, the first 
3 x lo5 of which were at constant volume, followed by 4 X lo6 configurations of 
data collection. A total of 119.7 x lo6 configurations were utilised altogether, all 
calculations being run in the isothermal-isobaric (constant NPT) ensemble at 25°C 
and 1 atmosphere pressure. 

> T ~ .  

RESULTS AND DISCUSSION 

A b Initio calculations 

The results of the ab initio calculations on n--ethylimidazole are recorded in Table 
1; results from the 3-21G, 6-31G* optimisations and MP2 corrections to the 6- 
31 g* calculations are also displayed in Figure 2. The torsional functions calculated 
using these basis sets all have similar profiles with the main discrepancies being in 
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372 DAVID R .  LOWIS, JONATHAN W. ESSEX AND W .  GRAHAM RICHARDS 

Table 1 Ab initio energies as a function of the torsional angle, T, of .rr-ethylimidazole. The final column 
shows the results of the fitting of an sth order polynomial (equation (3), below) to the MP2/6-31G*// 
RHF/6-31G* results. 

Ab initio energylkJmol-' 
8th order 

tor RHF/3.2 1 G// RHFj6.3 1 G*// RHF/STO-3G// MP2/6-3 1 G*/ /  polynomial 
RHF/3-21 G RHF/6-31 G' RHF/6-31G' RHFf6-3 1 G * fit/kJmol-' 

~~ ~ ~ 

0 1.773 
15 2.418 
30 3.937 
45 5.328 
60 5.274 
75 3.886 
90 1.530 

105 O.Oo0 
120 0.097 
135 1.840 
150 4.569 
165 7.036 
180 8.027 

0.612 
1.188 
2.623 
4.144 
4.657 
3.451 
1.462 
0.019 
0.000 
1.525 
4.194 
6.899 
8.806 

2.881 

0.586 

0.000 

3.730 

5.954 

~ 

1.327 
1.627 
2.497 
4.581 
3.834 
2.714 
1.009 
O.Oo0 
0.079 
1.228 
3.369 
5.762 
6.933 

1.341 
1.525 
2.794 
4.146 
4.122 
2.708 
0.955 

0.117 
1.304 
3.269 
5.807 
6.926 

-0.054 

f(x) = - 6.0135597014 X 1015x8+ 4.4637337668 x 101'x7 

1.9888253767 X 10-'x5 - 1 S656156755 x 10-'x4 
- 1.3197508730 X lOP9x6 + 

+ 5.78237931 13 X 10-9x3 - 7.1539506356 X 10-3x2 + 3.320458564~ 

- 1.341201321 (3) 

the exact positions of the global minimum ( T =  105"/120") and subsidiary 
maximum (T = 45"/60"), the energy of the subsidiary minimum (T  = 0") and the 
heights of the torsional barriers. The lowest torsional barriers were, as expected, 
found from the MP2/6-31G*//RHF/6-31G* calculations which take account of 
electron correlation, although all calculations predicted very low barriers of around 
7 to 8 kJmol-' (T = 180") and around 4.5 to 5.5 kJmol-' (T = 45"). Interestingly, 
the MP2/6-31G*//RHF/6-31G* calculations predict a higher energy at the 
subsidiary minimum, T = 0", than do the equivalent calculations neglecting 
electron correlation. 

The overall shape of the gas phase torsional energy profile results from a 
combination of electronic, steric and polarisation effects; rationalisation of the 
computed torsional barriers of n--ethylimidazole was found to be impossible using 
any simple argument. Results from the single point minimal basis set, RHF/STO- 
3G//RHF/STO-3G, calculations are displayed along with those from the other ab 
initio calculations in Figure 2. The STO-3G basis set does not include polarisation 
functions and thus the difference between these STO-3G and the 6-31G* results 
gives an estimate of the magnitude of atomic polarisation effects [ l l] .  The STO-3G 
torsional barriers were found to be some 1.5-2 kJmol-' lower than those calculated 
using the 6-31G* basis set, implying that atomic polarisation contributes 
approximately 2 kJmo1-I to the principal torsional barrier T = 180") and 
1.5 kJmol-' to the subsidiary torsional barrier (T = 45"). 
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T-ETHYLIMIDAZOLE IN WATER 373 

4 RHF/STO-3Q//RHF/0-3iQ' 
Energy / r RHF/3-21G//RHF/3-21G kJ/mol 

8.00 

-b- RHF/0-3lQ*//RHF/0-3lQ' 
4 MP2/0-31G'//RHF/6-310' 

8.00 - 

7.00 - 

8.00 - 

5.00 - 

4.00 - 

3.00 - 

2.00 

1.00 

0.00 

0 100 200 300 400 

TOR 
Figure 2 Ab initio energies. 

MONTE CARL0 SIMULATIONS 

The incremental free energy changes, AAG, are recorded in Table 2 along with 
their accumulated total, AG, and the results from the fitting of an sth order 
polynomial (equation (3), given under Table 1) to the data obtained from the MP2/ 
6-31G*//RHF/6-31G* ab initio calculations, AE,,,. The curve fitted to the MP2/ 
6-31G*//RHF/6-32G* results showed a close fit with the maximum deviation from 
the ab initio results being 0.4kJmol-' at ~ = 4 5 ' .  The zero of energy for the 
solution phase results was taken from the 6-31G* gas phase minima at T =  120". 
The simulations undertaken combined with the implementation of double wide 
sampling within the- BOSS program provided two independent evaluations of the 
effects of solvation on the gas phase torsional energy profile. Figure 3 shows the 
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Table 2 Incremental free energy changes, AAG, for both T , - + T ,  and T,+T,  AGav.aLc denotes the 
average of AAG7,-,7, and AAGr,-7, accumulated to T,  AE,,, shows the results of the fitting of  an 
8'h order polynomial (equation (3) see caption under Table 1) to the MP2/6-31G*/RHF/6-31G* ab 
initio calculations and W ( T )  is the torsional potential of mean force for wethylimidazole in aquous 
solution as found from equation (2). 

AAGlkJmol-' 
AGdv ~ c c  for T, AE,,, for T, W ( T )  for T,  

7, 7, T,+ 7, T,' 7, IkJmol-' /kJmol-' /kJmol-' 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

110 

120 

130 

140 

I50 

160 

170 

180 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

110 

120 

I30 

140 

150 

160 

170 

180 

0.04 
20.03 

0.00 
f0.03 
-0.00 
20.04 

0.00 
k0.03 
-0.01 
kO.05 

0.19 
k0.05 

0.06 
f0.072 
-0.05 
20.05 
-0.03 
k0.05 
-0.06 
f0.03 

0.02 
50.04 

0.02 
20.04 

0.02 
f0.05 

0.07 
20.06 
-0.03 
50.06 

0.11 
f0.06 

0.09 
k0.07 
-0.00 
k0.06 

0.00 
20.02 

0.05 
k0.04 

0.05 
kO.04 

0.04 
20.05 
-0.15 
1-0.05 
-0.09 
k0.07 

0.09 
1-0.043 

0.04 
f0.05 

0.04 
k O . 0 4  

0.09 
f0.04 

0.02 
k0.05 
-0.03 
1-0.05 
-0.10 
50.07 
-0.02 
f0.08 
-0.15 
k0.05 
-0.21 
+0.10 
-0.02 
f0.04 
-0.09 
f0.04 

-0.08 

-0.01 

-0.09 

-0. I9 

-0.28 

0.02 

0.59 

0.54 

0.34 

0.21 

-0.10 

-0.09 

0.00 

0.26 

0.45 

0.70 

1.38 

1.63 

1.81 

1.34 

1.40 

1.82 

2.79 

3.80 

4.32 

4.12 

3.28 

2.10 

0.96 

0.16 

-0.13 

0.12 

0.81 

1.88 

3.27 

4.94 

6.57 

6.93 

1.26 

1.39 

1.73 

2.60 

3.52 

4.34 

4.71 

3.82 

2.44 

1.17 

0.06 

-0.22 

0.12 

1.07 

2.33 

3.97 

6.32 

8.20 

8.73 

results of these independent evaluations. The trends displayed in the results from 
these two runs are very similar, shown by the small difference in AG values, at 
T = O", of -0.3 kJmol-' indicating that sampling of phase space within the 
simulations has been efficient. The standard deviations on individual AAG values 
provide an estimate of the errors involved in their calculation; the standard 
deviations on AAG values given in Table 2 are small, demonstrating the high 
precision of the computed solution phase free energies. The T dependence of the 
free energy of hydration of T-ethylimidazole was calculated by averaging the 
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375 T-ETHYLIMIDAZOLE IN WATER 

results from the independent BOSS calculations and is illustrated in Figure 4 along 
with the curve fitted to the MP2/6-31G*/RHF/6-31G* ab initio results and the 
torsional potential of mean force, W ( T ) .  The torsional potential of mean force, 
W ( T )  for .rr-ethylimidazole in aqueous solution was calculated from equation 2 
[20] by the addition of AG, the free energy of hydration as a function of T ,  to the 
6-31G*/MP2 ab initio results and is given in Table 2. 

W ( T )  = AG + AE,,, (4 
A general decrease in the free energy of hydration of wethylimidazole is evident 
as T is decreased from 180" to 0" although a number of features are superimposed 
upon this. Most evident are peaks at T = 180" and 60" which correlate with those in 

Free 

kJ/mol 
energy / 

2.00 

1.00 

0.00 

-1.00 

0 100 200 300 400 

tor 
Figure 3 Solution phase free energy results for runs 1 and 2. Free energy results for run 1 were 
obtained from simulations performed at On, 20", 40°, . . ., 180" whilst run 2 free energy results were 
obtained from simulations performed at lo", 30", 50", . . ., 170". With the implementation of 
double wide sampling in the BOSS program the entire T=O' to 180" range was covered in both sets 
of simulations. 
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the gas phase profile, and troughs at T =  120" and 7=40". The main effects of 
hydration on the gas phase torsional energy profile are the raising of the principal 
torsional barrier at T =  180" by -1.8kJmol-' and the shift of the subsidiary 
barrier from T = 45" to T = 60", the relative energies of the two gas phase minima 
remaining effectively constant. 

Values for the incremental enthalpy, AAH, and entropy, AAS, changes as 7 is 
perturbed from 0" to 180" are also calculated by the BOSS program; these results 
are given in Table 3 and illustrated in Figure 5. AAH values are calculated using 
umbrella sampling and the Gibbs-Helmholtz equation. Owing to the method of 
calculation of AAH and AAS, errors on these figures are much greater than those 
for incremental free energy changes; this can be seen from the standard deviations 
in Table 3. However, despite the large uncertainty in these results, the gross 

Free energy / -+-Curve f l t  to MP'IB-310. data 

-0- W(tor) 
kJ/mol -+$-. BOSS 

8.00 I 

8.00 

7.00 

8.00 

5.00 

4.00 

3.00 

2.00 

1.00 

0.00 

-1.00 

TOR 
Figure 4 Total potential of mean force, W(7) for m-ethylimidazole in aqueous solution. Also 
displayed are the averaged solution phase free energy results, AG, and the results, AE,,,, from fitting 
an 8th order polynomial to the MP2/6-31G*//RHF/6-31G* a6 initio data. 
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a-ETHYLIMIDAZOLE IN WATER 317 

Table 3 Values for incremental enthalpy, AAH, and entropy, AAS, AH,,,,, denotes the average of 
AAH,,,,, and AAHT,,,, accumulated to r,, whilst AS,,.,,, denotes the average of AAS,,,, 
and AAS7,+,, accumulated to ri. 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

110 

120 

I30 

140 

150 

160 

170 

180 

10 -12.18 

20 1.21 

30 -4.99 

40 -15.25 

50 -6.53 

f5.44 

f2.14 

f4.50 

+4.29 

f5.08 
60 4.17 

f6.19 
70 21.42 

f11.04 
80 1.63 

f5.90 
90 13.01 

S7.69 
100 6.66 

f6.60 
110 -9.45 

f3.19 
120 -2.10 

f3.79 
130 -8.17 

f4.17 
140 -3.11 

+6. I4 
150 7.46 

f14.08 
160 5.56 

f5.28 

f5.84 
180 15.62 

f7.09 

170 -4.83 

-1.90 
f2.05 

1.58 
k5.23 

13.32 
k4.98 

9.38 
k5.84 

2.72 
k5.48 
-23.55 
210.22 

0.98 
f6.25 

f6.40 

t 4 14.46 
6.82 

k3.48 
10.79 

f7.18 
12.97 

t6.51 
1.95 

k6.66 
- 1.90 
27.70 
-7.81 
k5.09 
- 1 I .65 
f 10.29 
- 10.75 
f4.81 
-6.25 
f4.18 

-7.90 

-28.90 

-41.37 
+17.92 

4.05 
f6.87 
-16.69 
f15.40 
-51.15 
f14.28 
-31.73 
lt17.15 
11.34 
f20.99 
79.97 
k37.06 

9.39 
f19.69 
44.01 
f25.83 
23.20 
f22.00 
-32.00 
f10.66 
-7.25 
f 12.86 
-27.70 
k14.08 
-11.40 
f20.65 
25.43 
f47.50 
17.13 
k17.49 
- 17.47 
f 19.71 
52.43 
+24.24 

-4.66 
k6.70 

4.77 
f17.42 

44.07 
f16.61 

30.84 
f19.90 

11.27 
f18.38 

f34.03 
2.08 

f20.83 
-27.06 
f21.27 
-97.46 
f48.12 

21.68 
f11.91 

35.95 
f24.09 

43.90 
f22.01 

8.00 
f22.31 
-6.07 
f25.65 
-24.12 
f17.09 
-36.08 
f33.94 
-35.70 
f 16.25 
- 19.70 
f13.90 

-77.80 

-0.64 

-5.78 

-5.97 

-15.12 

-27.44 

-32.06 

- 18.20 

-7.98 

-3.22 

7.74 

17.66 

7.54 

0.00 

-5.06 

-5.67 

1.97 

10.58 

13.54 

24.47 

-2.60 

-20.96 

-21.32 

-51.70 

-92.69 

-109.19 

-64.62 

-30.18 

-11.95 

58.79 

59.55 

25.58 

0.00 

-17.85 

-20.52 
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76.05 

features observed are statistically significant. Insight into the role of differing 
solvation effect on the free energy of hydration of wethylimidazole as 7 is 
mutated from 0" to 180" may be gained from examination of the AH, TAS plots. 
Many of these features can be rationalised in terms of the solute-solvent radial 
distribution functions. 

The radial distribution functions for the united atom CH group, the (N) - H 
proton and the methyl group with water oxygen atoms are shown, for 7 = 0" and 
60" in parts A, B and C of Figure 6 respectively. The numbers in the top left hand 
corners of these plots denote the number of water oxygen atoms in the first 
solvation shell of the corresponding functional group, the cut-off being taken from 
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Figure 5 The  dependance of the intermolecular enthalpy, AH, and entropy, illustrated here as TAS, 
of  a-ethylimidazole o n  the variable torsion angle r.  Also shown is the free energy of hydration, AG, 
as  a function of T. 

the solid vertical line. The solute-solvent radial distribution functions for the CH 
united atom with water oxygen atoms (OW), Figure 6A, show little change in 
solvent order as T is changed from 0" and 60". If the first solvation shell is assumed 
to terminate at 4.5 A, then the number of water molecules in this solvation shell is 
very similar for both the T = 0" and the T = 60" conformations. These two factors 
do not discriminate between the T = O O  and ~ = 6 0 "  conformations on either 
enthalpic or entropic grounds to any reasonable extent. Examination of the (N)-H 
proton, OW radial distribution functions at 7 =  0" and T =  60", Figure 6B, shows 
greater solvent order at T =  0"; this function has a higher initial peak (at -2A), a 
lower initial trough (at -2.5 A) and shows the existence of four solvation shells, at 
2 , 4 , 6  and 8 A. The number of water molecules contained in the first solvation shell 
of (N) - H is practically identical for both T =  0" and T = 60". Considering the 
(N)-H radial distribution function data, enthalpic solvation effects appear 
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Figure 6 Solute-solvent radial distribution functions at 7 = O 0  and 7=60" of the CH united atom, 
(N)-H proton and CHI group, parts A, B and C respectively. The numbers in the top left hand corners 
of each plot denote the number of water molecules in the first solvation shell of each group, the cutoff 
being taken from the vertical lines illustrated on each plot. 

negligible but the T = 60" conformation is marginally favoured on entropic 
grounds. Solvation of the methyl group in the T = 0" conformation appears, from 
Figure 6C, to be more ordered than that of the T = 60" conformation, tending to 
favour the T = 60" conformation on entropic grounds. The difference in the 
number of water molecules in the first solvation shells of both conformations is very 
small making any enthalpic distinction between the conformations negligible. 
Overall, when considering the changes in solvation of the various groups on 
increasing T from 0" to 60" the predominant effects will expected to be due to the 
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solvation of the methyl group and the CH united atom. It has already been seen, 
however, that the solvation of the CH united atom alters little. Therefore, i t  is the 
solvation changes around the CH3 group which should predominantly determine 
the change in the free energy of hydration of wethylimidazole between T = 0" 
and T = 60". In this respect the solute-solvent radial distribution function data 
does not correlate with the AH, TAS plots shown in Figure 5. The AH, TAS plots 
show the T = 60" conformer to be enthalpically favoured and entropically 
disfavoured whilst the RDF data indicates little enthalpic difference between the 
two conformers and that the T =  60" conformer should be favoured on entropic 
grounds. 

Solvent-solvent radial distribution functions were also generated, these allow 
interpretation of the measured free energy changes in terms of the behaviour of 
bulk solvent. The solvent-solvent radial distribution functions calculated at various 
values of T showed negligible differences indicating that any variation in the 
structure of the bulk solvent with increasing T is small. The observed changes in 
enthalpy and entropy on going from T=O" to ~ = 6 0 "  are consistent with a 
classical hydrophobic effect [21] as the solvent accessible surface area of the 
hydrophobic CH3 group increases. Although bulk solvent structure was seen to 
remain unchanged as T was increased, solvent structure in the region of the solute 
may show some dependence on the torsional angle T; any structural change, 
however, would be swamped by the large amount of solvent further from the solute 
molecule. 

Figure 7, parts A, B and C, show the radial distribution functions, with water 
oxygen atoms, of the CH united atom, (N)-H proton and CH3 group respectively 
for T = 120" and T = 180". The solute-solvent radial distribution functions for the 
CH united atom, Figure 7A, show an increase in solvent order as 7 is changed 
from 180" to 120"; this is shown by the higher initial peak in the T =  120" radial 
distribution function. If the first solvation shell of the CH united atom is again 
assumed to terminate at 4.5 A from the atom centre, then it  can be seen that one 
more water molecule is contained within i t  when T =  120" compared with the T =  
180" conformation. The ordering of solvent around the CH united atom at these 
values of T tends to disfavour the 120" conformation on entropic grounds. 
However, owing to the greater number of solvent molecules in the first CH 
solvation shell the T = 120" conformation is enthalpically favoured. Examination 
of the (N)-H proton, OW radial distribution functions at T = 120" and T = 180", 
Figure 7B, shows greater solvent ordering for the former conformation; the radial 
distribution function for the T = 120" form has a higher initjal peak and shows the 
existence of four discrete solvent shells at 2, 4, 6, and 9A. Approximately 0.15 
more water molecules are contained in the first solvation shell of the (N)-H proton 
when T = 120", in  comparison with the T = 180" conformation. Although this 
difference is small, i t  will still provide an enthalpic distinction between the two 
conformations since the water molecules in the first solvation shell of the (N)-H 
proton are more strongly bound than those in the first solvation shells of the 
hydrophobic methyl or CH groups. Hence, for the (N)-H proton radial distribution 
function data, entropic solvation effects disfavour the T = 120" conformer; 
enthalpically, however, this conformer is favoured. Solvation of the methyl group 
in the T =  120" conformation appears, from Figure 7C, to be more ordered than 
that of the T = 180" conformation, again tending to entropically disfavour the 
former. The number of water molecules in the first solvation shell of the methyl 
group drops by approximately 1.5 on increasing T from 120" to 180", enthalpically 
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Figure 7 Solute-solvent radial distribution functions at T =  120" and T =  180" of the CH united 
atom, (N)-H proton and CH, group, parts A, B and C respectively. T h e  numbers in the top left hand 
corners of each plot denote the number of water molecules in the first solvation shell of each group, the 
cutoff being taken from the vertical lines illustrated on each plot. 

favouring the 120" conformer. It is expected, when considering conformations of 
.rr-ethylimidazole with T = 120" and T = 180°, that the most important solvation 
effects will be due to variation in solvent structure around the methyl group and the 
(N)-H proton. Overall the solute-solvent radial distribution function data from all 
three functional groups shows the T = 120" conformer of .rr-ethylimidazole to be 
enthalpically favoured but entropically disfavoured over the T = 180" conformer. 
This is in qualitative agreement with the calculated enthalpy and entropy 
information. 
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No attempt has been made to rationalise the complex enthalpy and entropy 
behaviour observed between T = 60" and T = 120"; any rationalisation in terms of 
solute-solvent radial distribution functions appears impossible. 

CONCLUSION 

The complete solution phase torsional potential of mean force for 
.rr-ethylimidazole in aqueous solution has been calculated. The results of the gas 
phase ab initio calculations reveal a complex torsional energy function containing 
two small barriers. The shape of the computed energy profile could not be 
rationalised by employing any simple steric, electronic or polarisation argument 
and must therefore be the result of a combination of these effects. Results from the 
single point STO-3G calculations, on 6-31G* optimised geometries, estimate the 
effects of atomic polarisation to be approximately of 2.1 kJmol-' to the principal 
torsional barrier, T = 180", and 1.8 kJmol-' to the subsidiary torsional barrier. 
Calculation of electron correlation energies, via Mdler-Plesset second order 
perturbation theory, reduced the calculated 6-31G* principal torsional energy 
barrier by 1.15 kJmol-'. 

The solution phase free energy results were calculated to high precision, as 
shown by the small standard deviations on individual AAG values (Table 2), and 
clearly show the effects of solvation on the ab initio gas phase energy profile. The 
major changes to the gas phase torsional energy profile upon solvation are the 
raising of the principal torsional barrier, at T = 180", by 1.81 kJmol-' and the shift 
of the subsidiary torsional barrier from the gas phase value of T =  45" to a new 
value of T = 60". 

The behaviour of AH and AS as T was increased from 0" to 180" is more 
complex than was first expected and for many values of T large enthalpic and 
entropic effects virtually cancel. Rationalisation of these effects in terms solute- 
solvent radial distribution functions was only partially successful. Solvent-solvent 
radial distribution functions gave little indication of the changes in solvent structure 
as T was increased from 0" to 180"; this is not unsurprising given that changes in 
solvent structure close to the solute would be swamped by the great expanse of 
solvent molecules in the bulk. 

Although the effect of solvation on the thermally accessible conformations was 
minimal for this particular system, we can assert that in the case of charged or 
hydrophilic side chains, solvation will play a major role. Moreover, unless care is 
taken in performing the perturbations any results obtained will be misleading. 

Given the earlier success of the OPLS parameter set in conjunction with Monte 
Carlo simulation in predicting the effect of solvation on conformational energy 
profiles [20] [22], there seems little doubt that the solvation effects observed in the 
case of r-ethylimidazole are real. Their interpretation, however, is problematic. 
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APPENDIX 

The BOSS intermolecular interreaction potential function. 

Van der Waals Coulornbic 
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