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(i) the structures of the bases as seen by water are quite dif-
ferent from the structures of the base as seen, for example, by
x rays; and (ii) concept like hydrophobicity (see, for example,
Figure 3, insert a) can be put on more quantitative grounds
because of the availability of potentials of the type given in
Tables V and VI.
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Abstract: The pair potentials reported in the previous papers of this series have been analyzed using phenylalanine as a test
case. For this amino acid (the last one of the naturally occurring amino acids to be studied) we have computed (in the SCF-
LCAO-MO approximation) the interaction with a molecule of water placed at 75 different positions (or orientations) relative
to phenylalanine. The computed interaction energies can be duplicated to a reasonable level of accuracy by making use of the
previously reported pair potentials (with an error of about 1 kcal/mol); therefore, we conclude that our pair potentials are, to
some extent, transferable to molecules that are chemically similar to those previously studied. We have discussed problems re-
lated to: (1) more refined selections of the points needed to sample the multi-dimensional interaction energy surface; and (2)

the need to select a more physical form for the pair potential.

In the previous papers of this series we have presented a
number of pair potentials to describe the interaction energy
of a molecule of water (W) with several molecules (M); in
particular we have considered 21 out of the 22 naturally oc-
curring amino acids? and the four bases of DNA.3

In this paper we shall discuss some aspects related to the
reliability of the pair potentials for those molecules we have
considered; we shall, in addition, investigate the possibility of
using the potentials to describe the interaction energy for
molecules not explicitly considered in our work (i.e., trans-
ferability of the pair potentials). As a test case for the trans-
ferability we shall use the amino acid phenylalanine, previously
not studied in this series. In Table I and in Figure 1 we report
the geometry of phenylalanine; since the geometry given in ref
4 refers to the zwitterionic form, we have introduced in Table
1 and Figure 1 the necessary coordinate variations for the
-NH; and -COOH groups. In Table I, we give a code name
for each atom, a “class” specification (see ref 2 and 3 and
following discussions), the x, y, z coordinates for each atom
(in atomic units), the computed net charges,® NCH, and the
computed molecular orbital valency state energies,® MOVS.

The basis set used to compute the phenylalanine molecules, the
water molecules, and the phenylalanine-water complexes has
been discussed in ref 2. The total energy for the water mole-
cules, E(W), and for the phenylalanine, £(M), are E(W) =
—75.733 057 and E(M) = —549.373 069 au, respectively.

For the complex we have considered 75 different positions
or orientations of the water relative to phenylalanine. In Table
11 we report a running index (1-75) to identify the computation
of the complex, the x, y, z coordinates of the atoms for water
(the phenylalanine is kept fixed in space at the position speci-
fied in Table I), the total energy of the complex E(M,W) ex-
pressed in atomic units, the interaction energy I(M,W) =
EM,W) — E(M) — E(W), expressed in kilocalories per mole,
and in the last two columns two different approximations to
I(M,W), discussed later in this paper.

In the preceding papers of this series we have not reported
the equivalent of Table II, for obvious reasons of space (about
2000 cases have been studied); however, such tables are
available to the interested reader as specified in ref 2 and 3. For
these computations we have used a computer program, named
iBMOL.7
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Table I. Geometry,% Charges, MO Valency State for Phenylalanine®

Atom Class x y z Charge MOYVS
0(2) 9 4,499 11.490 3.621 -0.51 0.50
o(l) 10 2.391 8.694 1.328 —-0.38 0.43
N 11 2.218 5312 5.001 -0.52 0.91
C(B) 7 6.308 7.188 6.524 —-0.38 1.06
C(G) 19 8.024 5.801 4.547 -0.01 1.16
C(D1) 18 9.253 7.151 2,671 -0.22 1.12
C(El) 18 10.763 5.902 0.936 -0.21 1.13
C(2) 18 11.045 3.303 1.078 -0.21 1.12
C(E2) 18 9.816 1.954 2.954 -0.21 1.13
C(D2) 18 8.306 3.203 4.688 -0.21 1.12
C 5 3.374 9.249 3.217 0.48 1.37
C(A) 8 3.588 7.676 5.559 —-0.15 1.08
H(B1) 2 7.166 8.980 6.987 0.21 0.29
H(B2) 2 6.204 6.044 8.211 0.21 0.29
H(D1) 16 9.034 9.177 2.561 0.20 0.29
H(E1) 16 11.722 6.954 -0.527 0.21 0.30
H(2) 16 12.225 2.329 -0.274 0.21 0.30
H(E2) 16 10.033 -0.073 3.064 0.21 0.30
H(D2) 16 7.349 2.150 6.152 0.21 0.30
H(1) 1 3.081 4.386 3.401 0.24 0.28
H(2) 1 0.272 5.741 4.568 0.23 0.28
H(A) 2 2.741 8.637 7.149 0.22 0.29
H(02) 4 4.303 12.412 2.114 0.37 0.31

Results and Discussion

On the Form of the Pair Potentials. The computed interac-
tion energies have been fitted with pair potentials of a very
simple analytical form. If we designate with / (or k) an atom
on M, and with j (or /) an atom on W, our simple form is a
modified Lennard-Jones potential, namely

IM,W) =3 ? I = ; ? [—Ai(ry)=¢ + By (ri;)~12

H

+ Cyjqiq;(rij) 7'
In this expression A4, B, and C are fitting constants; g; and g,
are the computed net charges for the { and j atom in the sep-
arated molecules; and r;; is the distance between the atoms of
the pair { and j. In the above pair potentials the constants A4,
B, and C are different for each pair, i and j; such potential is
quite flexible, computationally very fast even for Monte Carlo
computations.2 However, the use of a different set of constants
for each pair is somewhat redundant (and would complicate
the fitting to an unbearable limit for large molecular sys-
tems).

Indeed, it is reasonable to assume that the set of constants
A, B, and C for a pair of atoms i and j can be used for other
pairs, e.g., k and /, under fulfillment of some condition. Clearly,
this would be the case for complexes with symmetry; however,
most molecules of interest to us have no symmetry. As a first
approximation we could state that if ¢; = g4 and if ¢; = ¢; and
if i and k as well j and / have the same atomic numbers Z, then
both pairs could be described by the same set of constants A,
B, and C. The drawback of these conditions lies in the practical
difficulty to define the exact meaning of “equality” between
net charges (equal to the first, or to the second, or to the third
significant figure?).

“Chemical evidences” could be used to decide when a pair
can be considered equal to another pair; however, this criterium
presents the drawback that it is not easy to find the pertinent
experimental data for the interaction of one biomolecule with
one molecule of water in the gas phase and at low pressure.
(Even if such data would be available it is not too clear, if we
could make use of it: we wish to fit our computed SCF-
LCAO-MO energies and such energies are far from being

PHENYLAL ANINE

Figure 1. Geometry and identification code for the atoms in phenylalanine.
This amino acid is described two times. The first time, the atom is identified
with the same alphanumerical identification code adopted in Table I re-
porting the molecular geometry. The second time, each atom is identified
by a numerical code which designates the class in which the atom belongs:
such class code is given, in addilion, in Table I reporting the molecular
geometry.

“exact” computations obtained from the “exact” wave func-
tion. In other words, the criteria should be selected from a
representation that has the same “accuracy” as the set of data
to be fitted.)

These comments are presented to indicate that likely we
must use a compromising attitude in selecting criteria for the
applicability of a pair potential to different pairs of interacting
atoms. In addition, since we intend to bring to conclusion a
rather laborious working plan (see ref 2) we must find criteria
that are amenable of applicability to the potential surfaces for
much larger complexes than those examined up to now.?

To conclude, we have selected the following criteria, that
are to be taken in a rather flexible way, mainly as indications,
rather than dogma: (a) the net charges, NCH, provide an in-
dication of the electronic density of an atom in the molecule;
(b) the energies of the molecular orbital valency state, MOVS,
provide an indication of the energy of an atom in the molecule;
(¢) “chemical evidences” should not be contradicted (but not
necessary followed); and (d) the numerical values obtained by
the fitting technique for the set of constants A4, B, and C are
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Table II. Cartesian Coordinates and Interaction Energies (in atomic units) of the Complex Water-Phenylalanine

Case Atom xa ye 24 Energy? BE?® GF? SF?
1 (0] 0.853 26 7.867 07 —1.705 67 —625.027 60 49.32
H(1) 0.013 55 6.324 06 —2.136 98
H(2) 0.720 39 8.886 99 —3.193 67
2 (0] 0.853 26 7.867 07 —1.705 67 —624.979 51 79.45
H(1) 0.986 12 6.847 16 -0.217 67
H(2) 1.692 96 9.410 08 —1.274 35
3 (0] 0.633 65 7.748 96 —2.139 05 —625.074 44 19.89
H(1) —0.206 05 6.205 95 —-2.570 37
H(2) 0.500 78 8.768 87 —3.62705
4 (0] 0.633 65 7.748 96 -2.13905 —625.068 60 23.53
H(1) 0.766 51 6.729 04 —0.651 05
H(2) 1.473 35 9.29197 -1.707 74
5 (0] 0.633 65 7.748 96 —2.13905 —625.073 74 20.33
H(1) —0.676 08 6.884 20 -1.23970
H(2) 0.030 76 9.447 13 —2.296 38
6 (0] 0.633 65 7.748 96 -2.13905 —624.074 58 19.83
H(1) 1.236 54 6.050 78 —-1.98172
H(2) 1.943 37 8.61371 —3.038 41
7 (0] —0.244 78 7.276 49 —3.87259 —625.102 66 2.17 1.97 2.34
H(1) —1.084 48 5.733 48 —4.303 90
H(2) —0.377 64 8.296 41 —5.360 58
8 O —0.244 78 7.276 49 —3.87259 —625.110 41 —2.69 -2.63 —2.48
H(1) -0.11192 6.256 58 —2.384 59
H(2) 0.594 92 8.819 51 —344127
9 (0] —0.244 78 7.276 49 —-3.872 59 —625.104 24 1.18 0.82 1.15
H(1) —1.554 51 6.41174 -2.97323
H(2) —0.847 67 8.974 67 —4.029 91
10 (0] 0.244 78 7.276 49 —-3.87259% —625.104 77 0.84 0.12 0.45
H(1) 0.358 11 5.578 32 -3.71526
H(2) 1.064 95 8.141 25 —4.771 94
11 (0] —6.393 77 3.969 25 —16.007 33 —625.106 10 0.01 0.05 0.07
H(1) —-7.233 47 2,426 25 —16.438 65
H(2) —6.526 64 4.989 16 —17.495 33
12 (0] —6.393 77 3.969 25 —16.007 33 —625.106 03 0.05 -0.09 —0.08
H(1) —6.260 91 2.949 34 —14.519 33
H(2) —5.554 07 551225 —15.576 01
13 (0] 7.523 59 11.603 84 10.028 43 —625.096 41 6.086
H(1) 5.881 66 11.223 56 9.372 03
H(2) 8.634 98 10.481 01 9.147 81
14 (0] 7.523 59 11.603 84 10.028 43 —625.106 03 0.06 -0.32 -0.29
H(1) 6.412 14 12.726 69 10.909 06
H(2) 9.165 59 11.984 11 10.684 82
15 (0] 7.643 39 11.943 25 10.375 49 —625.103 10 1.0 2.20 1.86
H(1) 6.001 38 11.562 98 9.719 10
H(2) 8.754 85 10.820 40 9.494 86
16 (0] 7.643 39 11.943 25 10.375 49 —625.106 82 —-0.43 0.05 —0.81
H(1) 6.53173 13.066 15 11.256 14
H(2) 9.285 58 12.323 47 11.031 87
17 (0] 7.643 39 11.943 25 10.375 49 —625.107 10 -0.61 0.01 —0.16
H(1) 6.125 94 11.554 07 11.279 88
H(2) 8.875 66 10.811 42 11.055 62
18 (0] 7.643 39 11.943 25 10.375 49 —625.107 41 —-0.80 -0.97 -0.79
H(1) 6.407 11 13.075 08 9.695 36
H(2) 9.160 83 12.332 44 9.471 10
19 (0] 8.122 58 13.300 88 11.763 74 —625.106 30 =0.11 0.52 0.38
H(1) 6.480 52 12.920 62 11.107 35
H(2) 9.234 10 12.178 01 10.883 10
20 (0] 8.122 58 13.300 88 11.763 74 —625.106 25 —0.07 -0.62 -0.57
H(1) 7.011 00 14.423 76 12.644 38
H(2) 9.764 71 13.681 11 12.420 12
21 (0] 8.122 58 13.300 88 11.763 74 —625.106 19 -0.03 0.07 -0.03
H(1) 6.605 14 12911 69 12.668 12
H(2) 9.358 86 12.169 03 12.443 88
22 (0] 8.122 58 13.300 88 11.763 74 —625.106 37 -0.15 -0.34 —-0.42
H(1) 6.886 30 14.432 71 11.083 61
H(2) 9.640 02 13.690 07 10.859 34
23 O 11.476 93 22.804 25 21.481 46 —625.106 06 0.04 0.04 0.02
H(1) 9.83494 2242398 20.82507
H(2) 12.588 40 21.681 40 20.600 83
24 O 11.476 93 22.804 25 21.481 46 —625.106 15 -0.01 -0.01 -0.02
H(l) 10.365 48 23.927 10 22.362 09
H(2) 13.118 94 23.184 52 22.137 86
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Case Atom x4 ye z4 Energy? BE? GF? SFé
25 (o] 7.510 74 5.354 25 —=2.144 71 —625.090 39 9.91
H(1) 9.050 28 4,673 40 —-2.806 75
H(2) 6.472 75 5.627 81 —-3.60065
26 (0} 7.510 74 5.354 25 —-2.144 71 —625.052 89 33.44
H(1) 8.548 74 5.080 69 —0.688 77
H(2) 5.971 21 6.035 09 —1.482 66
27 (0} 7.623 99 5.262 28 —-2.62295 —625.096 80 5.83
H(1) 9.163 53 4.581 44 —-3.28500
H(2) 6.586 00 5.53585 —-4.078 89
28 (0} 7.623 99 5.262 28 —-2.62295 —625.076 08 18.88
H(1) 8.661 98 4.988 72 —1.167 01
H(2) 6.084 46 5.943 13 —-1.960 90
29 (0} 7.623 99 5.262 28 -2.62295 —625.097 31 5.52
H(1) 8.502 97 3.761 40 -2.126 19
H(2) 5.925 44 4,715 80 -2.920 09
30 (o] 7.623 99 5.262 28 —-2.62295 —625.085 62 12.86
H(1) 9.322 55 5.808 75 —2.32581
H(2) 6.745 02 6.763 17 =3.11971
3] (0} 8.076 99 4.894 42 —4,53593 —625.104 32 1.13 1.88 1.47
H(1) 9.616 53 4.213 58 -5.19797
H(2) 7.039 00 5.167 99 —5.991 86
32 (o] 8.076 99 4.894 42 —4,53593 —625.108 26 —1.34 —-0.86 -0.95
H(1) 9.114 98 4.620 86 -3.079 99
H(2) 6.537 46 5.575 27 —3.873 88
33 (0} 8.076 99 4.894 42 —-4,53593 —625.106 44 -0.19 -0.17 -0.54
H(1) 8.955 97 3.393 56 —-4.039 17
H(2) 6.378 44 4,347 96 —-4.833 06
34 (0} 8.076 99 4.894 42 —4,53593 —625.104 45 1.04 1.54 .16
H(l) 9.775 54 5.440 88 —-4.,238 79
H(2) 7.198 01 6.395 30 —-5.032 68
35 (0} 11.247 97 2.31942 —-17.926 75 —625.106 13 -0.00 -0.01 0.02
H(1) 12.787 51 1.638 57 —18.588 80
H(2) 10.209 98 2.59298 —19.382 69
36 (o] 11.247 97 2.319 42 —-17.926 75 —625.106 06 0.03 -0.08 -0.03
H(1) 12.28595 2.045 86 —16.470 82
H(2) 9.708 45 3.000 25 —-17.264 70
37 (0} 15.63792 4,17501 4.147 61 —625.105 26 0.54 0.30 0.47
H(1) 14.464 87 2.814 56 3.93521
H(2) 14.651 73 5.668 96 3.887 66
38 (0} 15.637 92 4.17501 4.147 61 —625.101 04 3.18 3.56 3.42
H(1) 16.624 11 2.681 07 4.407 57
H(2) 16.810 98 5.53548 4,360 01
39 (o] 16.125 48 4.144 87 4.254 27 —625.107 48 -0.85 —1.68 —1.24
H(1) 14.952 46 2.784 93 4.041 87
H(2) 15.139 26 5.638 32 3.994 32
40 (o] 16.125 48 4.144 87 4.254 27 —-625.102 91 2.01 2.78 2.36
H(1) 17.111 68 2.650 95 4,514 23
H(2) 17.298 54 5.505 33 4.466 67
41 (o] 16.125 48 4.144 87 4.254 27 —625.104 84 0.80 0.60 0.29
H(1) 15.797 52 2.751 05 5.359 58
H(2) 15.984 38 5.605 45 5.31202
42 (o] 16.125 48 4.144 87 4.254 27 —625.103 88 1.40 1.90 1.52
H(1) 16.266 59 2.684 30 3.196 52
H(2) 16.453 45 5.538 70 3.148 97
43 (o] 18.075 73 4.024 31 4.680 91 —625.107 25 -0.70 —-1.32 -1.01
H(1) 16.902 76 2.66517 4.468 49
H(2) 17.089 45 5.516 95 4,420 97
44 (o] 18.075 73 4.024 31 4.680 91 —625.104 87 0.78 0.87 0.89
H(1) 19.061 98 2.531135 4.940 85
H(2) 19.248 72 5.383 80 4.893 33
45 (o] 18.075 73 4.024 31 4,680 91 —625.106 14 -0.00 -0.17 -0.17
H(1) 17.747 76 2.630 48 5.786 22
H(2) 17.934 62 5.484 89 5.738 66
46 (o] 18.075 73 4.024 31 4.680 91 —625.105 48 0.40 0.46 0.44
H(1) 18.216 83 2.563 74 3.623 16
H(2) 18.403 69 5418 14 3.57560
47 (o] 31.727 42 3.180 37 7.667 37 —625.105 83 0.18 -0.05 0.02
H(1) 30.554 46 1.821 22 7.454 95
H(2) 30.741 15 467301 7.407 43
48 (o] 31.727 42 3.180 37 7.667 37 —625.105 83 0.18 -0.00 0.02
H(1) 32.71370 1.687 74 7.927 31
H(2) 32.900 39 4,539 54 7.879 79
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Table II (continued)

Case Atom x4 ye 29 Energy? BE? GF? SF?
49 O 9.224 36 10.560 55 8.637 74 —625.079 70 16.56
H(1) 2.009 09 10.852 82 8.674 17
H(2) 0.031 81 9.051 42 7.659 25
50 (0] 0.224 36 10.560 55 8.637 74 —625.105 86 0.16 —0.48 0.20
H(1) 0.416 92 12.069 68 9.616 24
H(2) —1.560 37 10.268 28 8.601 32
51 O -0.13515 10.835 32 8.850 46 —625.095 90 6.40
H(1) 1.649 58 11.127 59 8.886 89
H(2) —0.32771 9.326 19 7.87197
52 (0] -0.13515 10.835 32 8.850 46 —625.108 50 —1.48 ~1.84 —1.83
H(1) 0.057 40 12.344 45 9.828 96
H(2) —-1.919 88 10.543 05 8.814 04
54 (0] —-0.13515 10.835 32 8.850 46 —625.107 04 -0.57 -1.10 -1.02
H(1) 0.772 74 12.343 99 8.436 14
H(2) —1.204 55 10.542 59 7.42123
55 (0] —1.573 22 11.934 40 9.701 35 —625.105 43 0.43 0.71 0.53
H(1) 0.211 52 12,226 67 9.73777
H(2) -1.76577 10.425 26 8.722 85
56 (0] —-1.57322 11.934 40 9.701 35 —625.107 36 -0.77 -0.84 -0.85
H(1) —1.380 66 13.443 53 10.679 84
H(2) —3.35795 11.642 13 9.664 92
57 (0] ~1.573 22 11.934 40 9.701 35 —625.107 11 -0.61 -0.17 -0.31
H(1) —0.503 82 12,227 13 11.130 59
H(2) —-2.48111 10.42573 10.115 67
58 (0] 1.573 22 11.934 40 9.701 35 —625.106 07 0.03 -0.51 -0.23
H(l) —0.665 32 13.443 07 9.28703
H(2) —2.642 61 11.641 67 8.272 11
59 O —11.639 65 19.627 95 15.657 53 —625.105 88 0.15 0.05 0.02
H(1) —9.854 91 19.920 23 15.693 96
H(2) —11.83222 18.118 81 14,679 03
60 (0] —-11.63965 19.627 95 15.657 53 —625.106 09 0.01 0.00 -0.03
H(1) —11.447 10 21.137 07 16.636 02
H(2) —13.424 38 19.335 69 15.621 11
61 O —3.210 89 5.410 51 4,668 76 —625.080 63 16.00
H(1) —2.198 03 6.696 96 5.437 64
H(2) —-2.020 19 433285 3.83635
62 (0] -3.210 89 5.410 51 4,668 76 —625.111 53 -3.39 -3.98 -13.51
H(1) —4.401 58 6.488 17 5.501 17
H{2) —-4.22375 4.124 06 3.899 88
63 (0] —3.708 46 5.363 37 4,683 10 —625.095 64 6.59
H(1) —2.695 60 6.649 82 5.451 99
H(2) =2.51777 428571 3.85069
64 (0} —3.708 46 5.363 37 4.683 10 —625.11145 -3.34 -2.94 -3.13
H(1) —-4.899 16 6.441 03 5.51552
H(2) —4,721 32 4,076 92 3914 22
65 O —3.708 46 5.363 37 4,683 10 —625.112 66 —-4.09 —-341 -3.62
H(1) -3.71270 5.93071 6.400 70
H(2) —3.534 86 3.566 60 4.799 40
66 O —3.708 46 5.363 37 4,683 10 —625.109 17 -1.91 —2.64 -2.06
H(1) —3.88206 7.160 13 4,566 81
H(2) —3.,704 22 4.796 02 2.965 51
67 (0] —-5.698 75 5.174 79 4.740 49 —625.105 11 0.63 0.08 0.18
H(1) —4.685 89 6.461 24 5.509 37
H(2) —4.508 05 4.097 13 3.908 07
68 O —5.698 75 5.174 79 4.740 49 —625.107 21 —0.67 —0.49 —0.60
H(1) —6.889 44 6.252 45 5.572 90
H(2) —6.711 61 3.888 34 3.971 60
69 (0] —5.698 75 5.17479 4.740 49 —625.107 38 -0.78 -0.26 —-0.41
H(l) —5.70298 574213 6.458 08
H(2) —-5.52515 3.378 02 4,856 78
70 (0] —5.698 75 5.174 79 4.740 49 —625.106 34 -0.13 -0.54 —0.49
H(1) —-5.872135 6.971 55 4.624 19
H(2) —5.694 51 4.607 44 3.022 89
71 (0] —19.630 61 385472 5.142 15 —625.106 06 0.03 —0.00 -0.01
H(1) —18.61774 5.141 18 591104
H(2) —18.43991 2.777 06 4,309 74
72 (0] —19.630 61 3.85472 5.142 15 —625.106 20 -0.04 0.02 0.01
H(1) —20.821 30 4,932 39 5.974 57
H(2) —20.643 46 2.568 27 4,373 27

4 In atomic units. ® In kcal/mol.
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taken as a pragmatical criterium to confirm the existence of
a “class” (if two sets of constants turn out to be equal, then,
regardless of the previous criteria, we shall merge the two
classes into one). The final form of our potential (see ref 2 and
3)is:

Iyt = —Ay®2(riy) =6 + By(r,)=12 4+ C;%qiq;(ryy) ™!

where “a” represents the index for a “class” on M, namely
groups whose atoms are described by the same set of constants
(“b” is an equivalent index for the classes on W). We have
selected 28 classes to describe the H, C, N, and O atoms on M,
and two classes to describe the H and O atoms on water. In
Tables I11A and B the classes are differentiated y using a nu-
merical index.2

Reliability of the Fit. The reliability of the fit to reproduce
the interaction energy depends on the selection of the points
that sample the many dimensional energy surface representing
the interaction of M with W, Since we have a total of 28 pair
potentials with the hydrogens of W, and 28 pair potentials with
the oxygen of W, the constants to be fitted are 56 X 3 = 168.
The use of over 2000 computed points?-3 represents, therefore,
a reasonable sampling. However, in the previous papers we
have presented evidence that at times a specific pair potential
seemed too attractive, despite the fact that the total energy
obtained from the fit has a reasonable value. The reason for
this behavior is that in any fitting technique, the variables are,
in general, not independent and, therefore, the starting pa-
rameters as well as the order in the optimization of the pa-
rameters can influence the final fit. The potential now ob-
tained, however, provides a very simple way to determine with
good accuracy the positions and orientations corresponding
to the energy minima for the water around M; prior to the
availability of our potentials, the selection was to a large extent
a matter of guess. Thus, we are now refining the pair poten-
tials, by ensuring that all the energy minima are included in
the sampling, with proper position and orientation of W rel-
ative to M. Previously, we could only hope that all the minima
position were properly included. It is our opinion that the
present potentials are reliable insofar as the positions of the
minima are concerned (likely within 0.1 A), but less so for
the depth of the minima. The procedure outlined above should
provide reasonable energy minima; “reasonable” in this contest
means that, if one computes the interaction energy of a com-
plex in the SCF-LCAO-MO approximation with the basis set
previously reported (ref 2 and 3), one will obtain an interaction
energy that shall not differ from the one obtained by using the
pair potential by more than about 1 kcal/mol in the attractive
region of the potential, and in that part of the repulsive region
that is between 0 and ~5 kcal/mol. (For more repulsive
energies, the error can easily increase to more than 1 kcal/
mol.)

We note that the potential presented in the previous papers
are well behaved in the repulsive region; we note in addition
that repulsive interactions above 5 kcal/mol bring about a
situation seldom found in biological solutions at room tem-
perature. Additional comments on the pair potentials and a
number of energy contours maps for the interaction of phen-
ylalanine with water are available elsewhere.?

The second remark on the reliability concerns the form of
the potential. In our study of water with water and water with
ions, the Coulombic contribution to the interaction energy was
expressed in a more sophisticated form than simply by the
present Coulomb term, C;;9%¢;q;(r;;)~!. Therefore, we are
planning to express the Coulombic terms by using for water
some of the point charge models previously tested.? This im-
provement should not complicate much the form of the po-
tential, We note that in a Monte Carlo computation one can
make use of the very simple form for M interacting with W
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at large distances, or the more complex form for M interacting
with W at shorter distances (say, shorter than 4 A).

A second difficulty in the fitting, however, lies in the nu-
merical dependency of the constants (variables) to be fitted.
After much numerical experimentations, we have recently
devised a technique that collects all the molecular integrals
(needed to compute the SCF-LCAO-MO energy) into groups
of integrals, each one representing a pair potential. This
technique allows us to have a very reasonable starting point in
the fitting and to impose physical (even if arbitrary) constraints
on the set of variables A4, B, and C to be fitted.!0

Transferability of the Pair Potentials. In the second-last
column of Table II, the interaction energies for the water-
phenylalanine complexes have been computed with the general
set of the fitted pair potentials (GF, previously reported in
Table I) rather than with the SCF-LCAO-MO approxima-
tion. These interaction energies display a reasonable agreement
with those computed “ab initio”. In the last column of Table
I1, the interaction energies are computed with a special set of
fitted pair potentials (SF) obtained by fitting 55 out of 72 in-
teraction energies (those neglected have a repulsive interaction
energy >5 kcal/mol). The agreement between the ““ab initio”
interaction (column with heading BE) and those obtained by
using the new (last column) is satisfactory, as expected. Table
IV reports the new fitting constants 4, B, and C (see Table
IIT). These numerical experiments allow us two considerations.
First, the general set of fitted constants provides a good starting
point for a new fit, if one wishes to obtain a more accurate
potential for a given molecule. Second (and more important),
the numerical experiment indicates that the test on the
“transferability” (even if performed only for one molecule)
provides an encouraging result. It is too early, however, to
conclude on this second point, and we are exténding the test
to additional cases. Let us attempt to assess this “experiment
on transferability”.

In the case of a pessimistic evaluation of our numerical ex-
periment one could conclude that likely the potentials are
transferable only within the limit to describe the interaction
of water with one molecule M, previously examined, but in a
different molecular conformation. This would be a useful first
step, since biomolecules can have several conformations at
nearly the same energy.

A less pessimistic evaluation would conclude as above and
in addition grant that, likely, the potentials are transferable
to describe molecules previously not studied, but only if com-
posed of fragments of rather large size present in our list of
examples.

An optimistic evaluation would conclude as above and in
addition assume that as long as we aim at an approximate es-
timate of the interaction energy, our pair potentials can be used
to describe any molecule M as long as each atom in the mol-
ecule M and its nearest neighbors have been previously con-
sidered in our (or equivalent) study.

Here there are three evaluations: presently we feel that the
third one is most likely the correct one, provided that the fitting
is performed keeping in mind the comments and conclusions
of the previous section.

Conclusions

At the beginning of quantum chemistry a number of people
attempted to immediately tackle the very complex problem of
reaction mechanism and reaction rates, making use of simple
analytical expressions to describe the potential surfaces (ex-
pression often obtained from “chemical good sense” more than
from quantum mechanics, because of the impossibility at the
time to carry out computations). Others attempted to probe
deeper and deeper into the electronic structure of molecules;
after much effort and for the case of small molecules, a rea-
sonably accurate description can now be obtained. The field
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Table III. Pairwise Interaction Constants for Molecule-Water Complexes

B

Class A
1 0.227 048 409 + 03
2 0.344 879 279 + 01
3 0.344 879 279 + 01
4 0.389675373 + 03
5 0.242 698 627 + 03
6 0.102073 144 + 02
7 0.110 685 075 + 03
8 0.102073 144 + 02
9 0.112916 672 + 02
10 0.102 073 144 + 02
11 0.124 076 189 + 02
12 0.220 215490 + 02
13 0.318 320038 + 03
14 0.126 181 303 + 03
15 0.161 787 306 + 04
16 0.233495 670 + 03
17 0.102073 144 + 02
18 0.102073 144 + 02
19 0.159 325 260 + 03
20 0.655 663 666 + 03
21 0.229 295 538 + 03
22 0.139 064 225 + 02
23 0.254 667 215 + 03
24 0.167 215 482 + 04
25 0.149 723 616 + 02,
26 0.229 376 206 + 02
27 0.233 567953 + 02
28 0.102073 144 + 02
1 0.207 521 847 + 01
2 0.824 252 534 + 01
3 0.130 720375 + 01
4 0.159 769 344 + 01
5 0.356 004 411 + 01
6 0.356 004 411 + 01
7 0.190 353 591 + 02
8 0.117 872994 + 03
9 0.845 311871 +02
10 0.163 284 536 + 03
11 0.141 507 664 + 03
12 0.491 524 463 + 02
13 0.347 660 562 + 01
14 0.968 582 392 + 01
15 0.441 930092 + 03
16 0.356 528 398 + 01
17 0.356 004 411 + 01
18 0.356 004 411 + 01
19 0.356 004 411 + 01
20 0.385323176 + 02
21 0.604 173 851 + 01
22 0.259 413876 + 03
23 0.102 959 207 + 03
24 0.943 062 698 + 03
25 0.649 988 854 + 01
26 0.974 940 002 + 01
27 0.207 783 979 + 03
28 0.649 988 854 + 01

A. Interaction with Oxygen Atoms of Water?

0.319 285 464 + 04
0.332071 268 + 04
0.704 513 690 + 04
0.307 583 102 + 04
0.570 163 312 + 04
0.294 5559 020 + 06
0.276 483 570 + 06
0.345947 762 + 06
0.305 269 293 + 06
0.261 569 141 + 06
0.631 822 125 + 06
0.200 655 234 + 06
0.615 968 625 + 06
0.130 406 014 + 06
0.626 337617 + 06
0.792 550 488 + 04
0.102 467 840 + 06
0.520 450 148 + 06
0.136 718 561 + 05
0.911 956 562 + 06
0.155 507 061 + 05
0.174 304 908 + 07
0.369 866 099 + 05
0.576 040 719 + 06
0.241 460 602 + 06
0.211 941 961 + 06
0.341 006 609 + 06
0.360 925 835 + 05

B. Interaction with Hydrogen Atoms of Water?

0.173 850511 + 04
0.145265011 + 04
0.280 374 992 + 03
0.463 124774 + 04
0.184 585125 + 06
0.389 186 260 + 05
0.618 960 681 + 04
0.235846 649 + 04
0.870 600 693 + 03
0.762 464 880 + 04
0.277 916 666 + 04
0.486 883 081 + 04
0.682 350 397 + 04
0.130 161 777 + 06
0.127 116 438 + 05
0.104 377 336 + 04
0.121 598 151 + 06
0.404 495615 + 05
0.157 257 820 + 06
0.177 231 436 + 06
0.545 685 400 + 05
0918035120 + 04
0.776 556 488 + 04
0.970811 281 + 06
0.173 948 033 + 06
0.189 976 014 + 06
0.296 326 648 + 04
0.649 881 953 + 06

0.998 202 369 + 00
0.999 966 606 + 00
0.998 410933 + 00
0.100093 916 + 01
0.999 941 483 + 00
0.999 055 520 + 00
0.999 073 327 + 00
0.100 345021 + 01
0.999 645 844 + 00
0.100'092 629 + 01
0.999 096 863 + 00
0.996 603 809 + 00
0.100 005 582 + 01
0.101 622 795 + 01
0.100 060 296 + 01
0.100 239015 + 01
0.993 570 738 + 00
0.999 982 804 + 00
0.109 999 990 + 01
0.101 060 666 + 01
0.100 122 450 + 01
0.995 094 240 + 00
0.105 506 256 + 01
0.100 573 744 + 01
0.999 616 608 + 00
0.996 846 467 + 00
0.994 164 132 + 00
0.108 784 823 + 01

0.100 088 759 + 01
0.100 000 000 + 01
0.998 704 314 + 00
0.100 093 982 + 01
0.999 759 927 + 00
0.100 027 880 + 01
0.100 000 000 + 01
0.100 101 370 + 01
0.100 005 104 + 01
0.999 389 425 + 00
0.100 009 498 + 01
0.998 375 371 + 00
0.100 299 819 + 01
0.100 080 614 + 01
0.100 051 089 + 01
0.998 747 133 + 00
0.992 949 978 + 00
0.100 236 642 + 01
0.874 550 834 + 00
0.981 899 209 + 00
0.100 149 776 + 01
0.101 107 869 + 01
0.102 515377 + 01
0.998 235 397 + 00
0.995 092 936 + 00
0.997 791 417 + 00
0.100 600 804 + 01
0.856 379 583 + 00

@ The interaction energy is expressed in kcal/mol; the distances are expressed in angstroms.

of large molecules in general was left aside and considered
mainly as a field for semiempirical computations.!! In our
opinion we have reached the time when we can see a conver-
gence of these efforts that previously have proceeded, to some
extent, ignoring one another. In this series of papers (and in
those that shall follow) we have used an intermediate level of
complexity (SCF-LCAO-MO) to describe the electronic

structure of relatively large molecular systems and to obtain
simple analytical expressions to describe complex potential
energy surfaces.1?

Much remains to be done, mainly on three directions: (a)
extension of this approach to more chemical systems in order
to prepare a “library of pair potentials”; (b) refinement of the
techniques to select the points for the sampling of the potential
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Table IV. Pair Potential Constants Obtained by Fitting the
Energies of Table I12

Class A B C
1 225916 1 5754.583 0.9956
2 1.202 519 5299.747 0.994 1
4 135.871 4 7977913 1.005 7
5 94.334 28 2969.783 0.999 9
7 38.594 89 717 127.1 1.000 4
8 4.349 975 180 192.2 1.000 0
9 3.937 161 791 789.8 1.000 7
10 3.559070 604 114,1 0.9977
11 21.543 43 3798134 0.998 5
16 430.660 8 2763.452 1.005 8
18 9.707 054 329 446.3 0.9997
19 84.944 96 29013.76 1.260 8
1 1.973 512 905.5270 1.003 2
2 15.079 57 1014.282 1.002 7
4 0.557 081 12012.26 1.0020
5 1.241 310 478 766.2 0.999 2
7 12.118 16 3715.439 1.002 4
8 94.043 25 1116.766 0.999 3
9 29.474 20 2258.113 0.9971
10 203.227 5 2 658.550 1.002 1
11 367.034 4 969.035 5 1.003 3
16 7.504 153 363.941 2 0.996 1
18 2,266 371 56 711.22 0.999 9
19 1.241 310 407 886.2 0.7930

@ The first group of constants for the classes 1-19 refers to inter-
actions with the oxygen of water; the second group of constants for
the classes 1-19 refers to interactions with the hydrogen of water.

surface, now more feasible than previously because of the
availability of our embrional “library” of potentials; (¢) re-
finement of the analytical form of the potentials, in order to
describe more faithfully the Coulombic part, retaining, how-
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ever, a very simple form in order to allow for statistical ther-
modynamics simulations, where temperature, free energy, and
entropy find their proper definitions.
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Abstract: The simple notions of qualitative MO theory are systematically compared with literature values of electron affinities
for molecules of types A,, AB, AH, AH,, AH3, AsH, As, AB;, AB3. The degree of agreement is high. A few cases are uncov-
ered where theory disagrees strongly enough with literature values to suggest that the latter are incorrect. Estimates of D are
made for a number of diatomic cations and anions (K;*, Rby*, Beo*, Mgy*, Cay*, Srat, Aly*, Gay*, Sisot, Ge,™, Sny*, Py,
Na,~, K;7, Rby™, B, Siz™, Gey ™, Sny~, Nao—, Sby~, Sey™, Tes™). Enhancement (over prediction) of the electron affinities
of NO; and Oj is suggested to arise from end effects. It is anticipated that S3 will show a similarly enhanced electron affini-

ty.

The purpose of this paper is to draw attention to the rele-
vance of simple qualitative molecular orbital (MO) concepts
to electron affinities of small molecules. Certain of the ideas
to be discussed here have been recognized for many years (and
even appear in general chemistry textbooks!), but have not
been systematically tested against experimental data nor
systematically extended to polyatomic systems. Here we shall
survey existing data on small-molecule electron affinities and

attempt to rationalize them in terms of qualitative MO notions.
Because these notions are relevant for ionization potentials as
well, we will have occasion to discuss positive ions too; however,
the principal concern is with electron affinities.

The main reason for the arrested development of MO theory
of molecular electron affinities (EA’s) has been the great dif-
ficulty in obtaining reliable and accurate experimental or
theoretical data.?-4 Indeed, it is only in recent years that good
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