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Table 2. Relative minimum energies AE and energy contributions (in kcal/mol) from bond stretching
(Ep), angle bending (Ey), torsional (E,), intra— and intermolecular van der Waals (Eqw), intramolecular
Coulomb (Ec), and intermolecular monopole—quadrupole (Eq) interactions for the 43 conformations
of Ni(OEP) adsorbed on the graphite(0001) surface. Data for the global minimum (conformer 1a) are

italicized.

Intramolecular

Intermolecular

AE  Eoga E, Ey E; Euw Ec Evaw Eq
1 ag 0.00 —-64.74 0.60 15.71 1.99 -9.13 -23.99 —-36.97 —12.95
2 a3 1.59 -63.15 0.63 1590 3.00 -9.92 -2461 -36.43 -11.72
3agB, 254 -62.20 0.67 15.62 3.25 -10.32 -25.08 -35.55 -10.79
4a¢B, 349 -61.25 0.67 16.18 4.14 —-10.45 -25.15 -36.08 —10.56
SagB, 3.25 -61.49 0.70 16.15 4.14 -10.57 -25.20 -35.99 -10.72
6 a¢B, 3.06 —61.68 0.71 16.08 4.07 —-10.61 -25.25 -35.96 -10.72
7 a6, 324 -61.50 0.71 16.09 4.23 -10.64 -25.26 -36.03 -10.60
8a¢B, 235 -62.39 0.64 16.08 2.89 -9.86 —24.60 -36.59 -10.95
9as6; 3.94 -60.80 0.66 1590 3.44 -10.18 -24.98 -35.86 -9.78
10 asB; 496 -59.78 0.72 1598 4.68 —10.81 -25.60 -3523 -9.52
11 o563 4.10 —-60.64 0.78 15.90 4.35 —-1098 -25.79 -35.36 -9.54
12 563 5.61 -59.13 0.74 1640 542 -1094 -25.69 -35.74 -9.32
13 asB; 5.51 -59.23 0.76 1640 5.50 -11.10 -25.74 -35.72 -9.33
14 asB; 4.57 -60.17 0.71 16.24 437 -10.44 -25.19 -36.17 -9.69
15asB; 431 -60.43 0.72 16.27 4.04 -10.49 -25.23 -36.09 -9.65
16 484 525 -59.49 0.76 16.44 398 —-10.38 -25.22 -36.33 -8.74
17 a4y 6.76 5798 0.79 16.48 5.81 —-10.89 -25.77 -36.00 -8.40
18 ayBy 6.26 —-58.48 0.68 15.78 4.34 —-10.37 -25.37 -3493 -8.61
19 ayB, 5.54 -59.20 0.67 16.08 3.88 —10.07 -25.02 -3594 -8.80
20 o458, 6.61 -58.13 0.76 16.08 5.37 —-10.72 -25.64 -35.52 -8.46
21 oy, 6.29 -58.45 0.78 16.10 5.11 -10.80 -25.69 -35.48 —-8.47
22 au,  6.54 -58.20 0.78 16.50 5.58 —-10.85 -25.73 -36.11 -8.37
23 ayBy  5.54 -59.20 0.78 16.02 4.66 —-10.74 -25.70 -35.61 -8.61
24 a8, 598 -58.76 0.79 16.01 4.88 —-10.76 —-25.73 -35.40 —-8.55
25 4By  7.53 -57.21 0.79 16.20 6.30 —-11.26 -26.16 —-34.86 —8.22
26 a5, 5.17 -59.57 090 15.62 480 —-11.35 -26.31 -34.71 -8.52
27 s, 6.89 -57.85 0.81 16.18 6.01 —-11.27 -26.16 -35.23 -8.19
28 a4, 8.21 -56.53 0.80 16.62 7.09 —-11.28 -26.15 -35.58 -8.03
1Sa36s 7.20 -57.54 0.79 16.28 5.01 -10.52 -25.62 -3597 -7.51
14 a3 8.55 -56.19 0.78 16.32 6.03 —-10.59 -25.62 -35.66 —7.45
133685 9.35 -55.39 0.85 16.34 7.30 —11.11 -26.21 -35.34 -7.22
12 @385 9.46 -55.28 0.83 16.45 7.20 —-11.03 -26.12 -35.51 -7.10
11 a38s 7.78 -56.96 0.88 15.88 5.72 —-11.10 -26.22 -34.75 -7.37
10 385 8.00 -56.74 0.77 16.08 5.57 —-10.82 -25.95 -35.08 -7.31
9a38; 7.89 -56.85 0.71 1597 495 -10.34 -2542 -35.11 -7.61
8a8s 9.45 -55.29 0.76 16.19 5.53 -10.23 -25.47 -35.54 -6.53
7 aBs 10.18 —54.56 0.86 16.13 7.01 -10.84 -26.11 -35.36 -6.25
6 a5 1030 -54.44 0.87 16.21 7.07 -10.83 -26.10 -35.40 -6.26
SaBs 10.51 -54.23 0.83 16.28 7.01 —-10.72 -26.01 -35.38 -6.24
4 a8, 1048 -54.26 0.81 16.30 6.94 —-10.67 —-26.00 -3546 -6.18
3aBs 876 —-5598 0.78 15.78 5.12 —10.50 -25.88 -34.84 -6.44
2a6; 10.65 —-54.09 0.80 16.02 598 -10.27 -25.87 -35.47 -5.28
165 12.69 -52.05 0.79 1593 636 -9.90 -25.73 -35.23 427
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4.2 Nickel(Il)octaethylporphyrin Adsorbed on Graphite

Results are presented for the 43 conformers of Ni(OEP) adsorbed on the graphite surface. Selected resul-
tant equilibrium conformations are shown in Figure 4. Calculated minimum energies are given in Table
2, and graphically depicted in Figure 3(b). Selected NSD results compared to the NSD results of cor-
responding isolated calculated structures are shown in Figure 5. Complete NSD results for all Ni(OEP)
conformers adsorbed on the graphite surface, as well as the results for isolated Ni(OEP) conformers are
summarized in Appendix Table 2A. First fifteen conformers (Figure 1), differ in number of ethyl groups
lying above(a) and below (5) porphyrin mean plane, were considered in two orientations: when a or
B ethyl groups are pointed toward to the graphite surface. Since the others conformers have the equal
number of ethyl groups on the both side of porphyrin plane we consider only one orientation of ethyl
groups with respect to the graphite surface.

MM calculations resulted in a unique stable conformation for all conformers, regardless of the initial
nonplanar deformation of the porphyrin core, the initial relative orientation of porphyrin macrocycle and
graphite layer, and their initial distance. All stable conformations obtained for 43 conformers differ in
energy (Table 2 and Figure 3(b)), in core puckering (Figure 5, Table 2A) and in the position of porphyrin
relative to graphite. As can be seen from Table 2 significant difference in the total energy value is due
to the contribution of intermolecular quadrupole-monopole interaction. The analysis of the quadrupole-
monopole contributions to the total strain shows that the energy linearly decreases, with the increasing
number of ethyl groups pointed toward to the graphite surface. Thus, the lowest energy structure is ag,
while SBg has the greatest energy value. Figure 3(b) shows 9 distinct energy groups which differ in the
number of ethyl groups pointing towards the graphite surface. The overlap of some groups is due to the
fact that the total energy (a sum of intra- and intermolecular interactions) is presented.

Possible interactions between porphyrin molecule and the graphite layer are n—r (7—stacking), o—nr
(Et—graphite interactions that can become repulsive at small distances), and M—r. The conformer with
all Et groups opposite to the graphite layer (ag) has dominantly 7—r interactions with graphite; the one
with all Et groups pointing towards the graphite surface (5g) has o—n interactions; the others possess
combinations of both.

In comparison to the isolated structures, porphyrin cores are more puckered for all conformers, ex-
cept for ag adsorbed on graphite (Figure 5, and Table 2A), with the presence of dom deformation. This
enhanced puckering is a result of the balance between n—stacking interactions that tend to flatten the
porphyrin core, and repulsive forces involving interactions between Et group or the central metal atom
with the graphite C atoms. The conformer ag adsorbed on graphite layer is less puckered, however, pre-
sumably due to the fact that all ethyl groups point away from the graphite surface enabling the porphyrin
core to approach the surface more closely and to enhance the flattening m—stacking interactions. An-
other consequence of adsorption of conformer ag on the graphite surface is the increased doming of the
porphyrin core due to Ni—C(graphite) repulsions, which displaces the Ni atom away from the graphite
surface. At distances greater than 9.5 A there are no appreciable intermolecular interactions and the NSD
patterns are the same as for the isolated porphyrin molecule. In all simulations a rotation of ethyl groups
towards more favourable orientations was not observed.

In the optimized configurations of conformers asg, @¢f; (5 and 6), @sB3 (12), @86 (4 and 6), a3B5 (12
and 15), a4B4 (16 and 28) adsorbed on graphite, the nickel atom is above the center of the graphite C—C
bond while in conformer Sg and @484 (26), the nickel atom is above the hole of graphite hexagon. In
the optimized configurations a383s (11) and @484 (23) nickel atom is above the graphite C atom, and in



Int. J. Mol. Sci. 2007, 8 821

all other equilibrium configurations nickel atom is displaced from the position above the center of the
graphite C—C bond towards the center of the hexagon by 0.3-0.5 A.

4.3 Movement of Ni(OEP) in the vicinity of graphite(0001) surface

The primary driving force for adsorption of a particular Ni(OEP) molecule onto the graphite(0001) sur-
face in the present MM modelling is the long-range dispersion interaction between the two moieties. Ge-
ometry optimization always leads to the parallel (7—r stacked, or "face-to-face”) orientation of Ni(OEP)
on graphite. However, contrary to what might be assumed, Ni(OEP) molecules do not approach the
surface in an unvaryingly parallel manner even when an optimization starts from a perfectly parallel
orientation. The approach of Ni(OEP) is rather characterized by swinging or rocking movements of
Ni(OEP) as various atoms on the periphery of the porphyrin core approach the graphite layer, eventually
ending in a parallel orientation (Figure 4).

In addition, the approach of Ni(OEP) is accompanied with lateral movement, which is small in accor-
dance with the dissimilarity between the size of the unit pattern of the graphite surface and that of the
Ni(OEP) molecule.

In view of the fact that benzene molecules can adopt other than parallel mutual orientations [38]
we also performed geometry optimizations starting with a T-shaped constellation of the two moieties.
Very slow initial convergence (due to a reduced number of long-range interactions between Ni(OEP)
and graphite atoms) eventually led to the parallel orientation through a rolling of the whole Ni(OEP)
molecule.

Neither the lateral movement nor the rolling and turning of Ni(OEP) was possible in a force field based
on simple monopole—monopole electrostatic interactions between the moieties, which corroborated the
need to model graphite C atoms as axial quadrupoles.
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Figure 5. NSD results for the selected Ni(OEP)—graphite structures, which were depicted in Figure 4
(middle and bottom rows), and for the corresponding isolated Ni(OEP) structures (top row).

5 Concluding remarks

The adsorption of Ni(OEP) species on graphite(0001) layer was analyzed as model case between por-
phyrin molecules and chemically inert surface. The intermolecular interactions were modelled using the
Lennard-Jones 12-6 potential functions and monopole-quadrupole electrostatic interactions.
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We have shown that adsorption on a surface is an additional factor that should be taken into account in
conformational analysis of metalloporphyrins. MM calculations and NSD analysis revealed that isolated
Ni(OEP) structures, and Ni(OEP) structures adsorbed on the graphite layer, differ in core puckering.

It is well-known [16] that the type and magnitude of normal deformations has profound consequences
on spectral, electrochemical and other properties of porphyrins. Thus, changes in physical and chemical
properties, as well as metalloporphyrin functionality, when it is adsorbed on a surface is a consequence
not only of adsorption (and the presence of the surface), but also of specific conformational changes.

Scudiero et al. [39] in their scanning tunnelling microscopy (STM) investigation of Ni(OEP) on a
highly ordered pyrolytic graphite found that Ni(OEP) self-assembles on the graphite surface in the form
of a flat 2D lattice. In agreement with this experiment we determined that parallel mutual orientations are
always favored irrespective of initial orientation of Ni(OEP). Since STM technique cannot directly show
the orientations of ethyl groups, the present MM approach might be a useful complement in structure
determination and in the elucidation of self-organization of porphyrins on solid substrates.
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Appendix Table 2A: Complete NSD results for 28 minimum energy conformers of Ni(OEP) (free),
and for 43 final optimized conformations of Ni(OEP) adsorbed on graphite(0001) layer. The contribu-

tions to the porphyrin core distortions along the lowest-frequency normal coordinates are presented.

Do, Bp, By, Ay Egw Egy Ap,
1(free)  0.5507 0.1100 0.4425 0.2965 0.0657 0.0477 0.0306
1 g 0.5493 0.0031 0.0113 0.5490 0.0043 0.0036 0.0137
154 0.7751 0.0079 0.0476 0.7735 0.0085 0.0078 0.0094
2 (free)  0.5718 0.1364 0.4775 02533 0.0755 0.0985 0.0275
2a:8) 07186 02911 0.2842 05092 0.1242 02472 0.1225
20,8, 0.8385 02541 02719 0.6964 0.1286 0.2232 0.1149
3(free) 0.6701 0.0233 0.6370 0.1790 0.0781 0.0678 0.0065
3as8, 08174 00115 0.6145 04913 0.1472 0.1657 0.0035
38 0.8464 0.0047 0.5681 0.6029 0.1186 0.1265 0.0039
4 (free) 03983 0.0960 0.2479 0.1409 0.0945 0.2203 0.1033
4a¢8,  0.6594 0.0225 0.0042 04872 0.1319 03392 0.2539
dasBs 07780 0.0476 0.0110 0.6327 0.1337 0.3448 0.2566
5(free) 0.5379 0.2259 0.4291 0.1782 0.1283 0.0745 0.0229
Sa¢8,  0.8698 0.5607 0.0283 0.4830 0.4556 0.0175 0.0129
SaBe 09345 05395 0.0331 0.6217 0.4406 0.0163 0.0166
6 (free) 04555 02188 0.3243 0.1684 0.0804 0.0953 0.1024
6asB 09499 05517 05439 04843 00141 0.0144 0.2593
6 w:Bs  1.0473 05416 0.5921 0.6194 0.0234 0.0194 0.2614
7 (free)  0.5021 0.1358 0.3588 0.1200 0.1472 02616 0.0194
TasB  0.8552 0.0226 0.5348 04782 0.3358 0.3215 0.0118
Tafs 09563 0.0261 0.5464 0.6164 03366 0.3489 0.0182
8 (free)  0.5207 0.2299 03666 0.1276 0.0715 0.2493 0.0168
8asB 07980 0.5596 0.0152 0.5094 0.0104 02522 0.0116
8wpBs  0.8679 0.5453 0.0397 0.6222 0.0221 02576 0.0177
9 (free) 0.6084 0.0774 0.5469 0.0586 0.1259 0.2075 0.0513
9as;  0.6939 02956 02976 05100 0.1095 0.1225 0.1361
90,8 07183 02783 02755 0.5597 0.1365 0.1105 0.1361
10 (free) 0.3653 0.1828 0.2447 0.1065 0.0975 0.1324 0.0423
10 s8;  0.7981 0.2659 0.3455 04845 0.2612 0.3587 0.1237
102385 0.7833 02709 0.2550 0.5544 0.2006 0.3390 0.1124
11 (free) 0.7191 0.2007 0.6539 0.0983 0.0935 0.1677 0.0518
11as8; 10417 02643 0.8444 04685 02447 0.0841 0.1258
11385 1.0924 02315 0.8783 0.5236 02153 0.1651 0.1436
12 (free) 0.5601 02476 0.4395 0.0931 0.0661 0.1674 0.1347
12as8; 0.7557 02620 02509 04941 0.1994 0.1589 0.3610
124385 0.8296 0.2379 03112 0.5819 0.2107 0.1156 0.3721
13 (free) 0.6031 0.0565 0.5378 0.0775 0.2327 0.0896 0.0564
132s8; 0.8505 0.2988 0.2560 0.4877 0.5336 0.1765 0.1218
13a38s 09236 02630 03212 0.5520 0.5550 0.2271 0.1282
14 (free) 04536 02760 0.1055 0.0569 0.2494 0.2243 0.0521
14 es8; 0.7829 02360 0.2563 0.5061 0.4428 0.1509 0.1293
14 o385  0.8239 02419 02669 0.5683 0.4379 0.1313 0.1312
15 (free) 0.5795 0.5318 0.1117 0.0929 0.1221 0.1241 0.0404
15es8; 1.0230 0.8073 0.2653 04912 0.1317 0.2249 0.1233
15a38s 1.0382 0.7668 0.2976 0.5668 0.1238 0.2232 0.1223
16 (free) 0.7718 0.7205 0.2720 0.0168 0.0181 0.0440 0.0076
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16 a8,
17 (free)
17 aups
18 (free)
18 a.p,
19 (free)
19 a8,
20 (free)
20 ayfy
21 (free)
21 aup4
22 (free)
22 aqBy
23 (free)
23 aup4
24 (free)
24 aup4
25 (free)
25 ayPs
26 (free)
26 a4B,
27 (free)
27 ayfy
28 (free)
28 a,p4

1.1796
0.3728
0.8387
0.4138
0.5988
0.3628
0.6448
0.7076
0.8511
0.7512
0.9776
0.4930
0.9016
0.7243
1.0013
0.7597
1.0416
0.3738
0.8193
0.8315
1.2080
0.6144
0.8896
0.2907
0.7215

1.0548
0.0209
0.0387
0.0874
0.0092
0.0212
0.0181
0.0770
0.0275
0.3919
0.4995
0.3414
0.5156
0.3089
0.5019
0.2458
0.5398
0.0664
0.0361
0.0173
0.0122
0.0149
0.0175
0.0165
0.0043

0.0260
0.0998
0.0163
0.3642
0.0587
0.1015
0.0356
0.6727
0.5806
0.6051
0.5779
0.1580
0.0146
0.6155
0.5874
0.6863
0.6240
0.2168
0.1308
0.8306
1.1109
0.5860
0.5422
0.2289
0.0075

0.5270
0.0153
0.5230
0.0565
0.5119
0.0141
0.5383
0.0557
0.5130
0.0479
0.4966
0.0166
0.5282
0.0100
0.5104
0.0523
0.4917
0.0451
0.4841
0.0133
0.4742
0.0175
0.5116
0.0253
0.5532

0.0100
0.3468
0.6542
0.0824
0.0406
0.2200
0.2482
0.0794
0.0494
0.1882
0.3218
0.2199
0.3376
0.1118
0.1470
0.1914
0.3653
0.1856
0.4526
0.0201
0.0017
0.1589
0.4235
0.0298
0.0027

0.0109
0.0895
0.0102
0.1444
0.3016
0.2688
0.2507
0.1599
0.2296
0.0820
0.1473
0.2131
0.3101
0.1944
0.3514
0.0780
0.1702
0.2276
0.4619
0.0241
0.0018
0.0329
0.0597
0.0317
0.0028

0.0076
0.0090
0.0030
0.0086
0.0216
0.0064
0.0017
0.0846
0.2609
0.0115
0.0183
0.0863
0.2401
0.0032
0.0054
0.0107
0.0125
0.0071
0.0176
0.0050
0.0025
0.0845
0.2291
0.1713
0.4631
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