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Abstract

Density functional calculations have been carried out for several Ni porphyrinates representative of the most common form in which this
metal is present in crude oil. A detailed study of the molecular and electronic structure is presented including the description of the low
lying electronic states leading to the well known Q and Soret bands in the optical spectra. The reliability of the present study is confirmed
by comparison to experimental data. It is found that presence of different substituents does not largely affect the electronic structure of the
nickel porphyrin moiety including the energy excitation required to promote these molecules to the low lying electronic states. It is proposed
that these promoted Ni-porphyrin derivatives can participate in poisoning catalysts like zeolites and metallic sulfides. However, the need for
electronic promotion in Ni-porphyrinate derivatives indicates that this family of compounds is likely to be less active as catalyst poison than
other metals like V, in agreement with experimental evidence.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction porphyrin fraction is the largest; it is well defined and iden-
tified by several characteristic spectroscopic feat{Beg].

The presence of metals in crude oils has been long knownThe non-porphyrinic term is used to describe all forms in
and itis also associated to several technological problgms  which metals can be found in oil crude other than porphyrinic.
Different metals can be present in crude oil depending on the The porphyrinic fraction may involve easily 40-50% of the
geological and geographical origin of the sample: up to 27 el- total amount of V and Ni contained in average crude [@]s
ements were found in the analysis of ash of US oil crydks and the remaining of these two metals is found in a much less
Nickel and vanadium are no doubt the most abundant metalscharacterized wal8]. Hence, one must not be surprised that
in crude oil and can reach concentrations ranging from 250 upthe terms petroporphyrins (or geoporphyrins) is commonly
to 2000 ppm for Ni and V, respectively. Typically V is found used in the oil industry to describe the most common chem-
in higher concentration than If8]. Itis customaryto classify  ical form of trace metals in crude dilO]. The presence of
the chemical forms in which these metals are found in crude metals in crude oil has negative and positive effects because
oil in terms of porphyrinic and non-porphyrin[8,4]. The they can either poison the catalyst or, on the contrary, catalyze

some reaction of intereft1]. It has been reported that both
v Corre . Ni and V interfere with the refining processes, their presence
orresponding authors. . Lo
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Fig. 1. Schematic representation of the Ni-octaethylporphyrinate (com@)ward! the different substituted compounds used in this work.

steps of the fluid catalytic cracking, with a concomitant strong porphyrinate derivatives have been included which are rep-
economic detriment in the oil industf¥2]. Moreover, it has resentative of the main different families of petroporphyrins;
been found that V is much more destructive than Ni although etioporphyrins and meso or B-cycloalkaneporphyrins;
the reasons for such behavior remain largely unknown. At these are Ni-octaethylporphyrinate (compow)dand Ni-
least in part, catalyst deactivation is due to metal deposition deoxophylloerythroetio porphyrinate (compouw)drespec-
and also in this case the deposition rate is larger for V than tively. Finally, Ni-tetraphenylporphyrinate (compoudilis
for Ni [9]. also included since it is also widely employed as a model
Several spectroscopic and theoretical studies exist whichcompound in demetallation studif]. On the other hand,
deal with Ni-porphyrins having either lateral aliphatic or compound® and4 are often used as models in the experi-
aromatic branchepl—16]. However, these studies attempt mental research of petroporphyrifg20,21]whereas com-
to relate changes in structure with some features regard-pound 3 is one of the real form in which Ni-porphyrins
ing their biological and photophysical activif§7]. There- are found in crude oi[9]. A schematic representation of
fore, a detailed description of the molecular and electronic compound2 is given inFig. L The atoms in this figure
structure of some Ni-petroporphyrin complexes appears asare numbered following the biogenetic numeration. The po-
highly desirable. The main goal of the present work is pre- sitions 1, 4, 6, 9, 11, 14, 16, 19 arepositions, posi-
cisely the study of various Ni-porphyrin derivatives either tions 2, 3, 7, 8, 12, 13, 17 and 18 apepositions and
present in crude oil or used as models in laboratory ex- the positions 5, 10, 15 and 20 are timesepositions. The
periments. In particular, reliable molecular structures are most stable conformer reported by Stoll et |I6] from
reported and their electronic structure analyzed with spe- B3LYP calculation—within a 6-31G* basis set for C, H
cial emphasis on the effect of substituents. To this end, ac-and N and the Ahlrich’s valence triple{VTZ) for nickel
curate density functional theory (DFT) based calculations basis sets—has been selected. It is expected that the mi-
have been carried out for a series of four Ni-porphyrin croscopic information reported in this work can be useful
compounds starting with the simple Ni-porphyrinate (com- in finding out reasonable hypothesis about catalyst poi-
poundl) for which various detailed theoretical studies car- son activity of Ni-porphyrins and thus to contribute to the
ried out at different levels of theory exigt8,19]including design of effective demetallation processes for heavy oil
the analysis of the low lying excited statft9]. Two Ni- processes.
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2. Computational details equations thus permitting a rather simple interpretation of
the excited levels in terms of one-electron excitatift8.

For computational convenience, the optimum geometry of The excitation energies are calculated from the poles of
the four compounds described above has been carried out usthe frequency-dependent polarizability and the oscillator
ing density functional theory (DFT) within the gradient cor- strengths from the residues. In order to compare with exper-
rected Becke—Perdew (BR2] whereas all the energy based iment we assume that excitations follow the Franck—Condon
analysis have been carried out using the B3LYP exchange-principle. Hence, TD-DFT excitation energies are computed
correlation functiongl23]. The BP calculations all-electrons  using only the ground state geometry.
are explicitly considered and the electron density is expanded
in double{ numerical basis set augmented by polarization
functions, this is referred to as DNP. These basis sets are3. Results and discussion
given as numerical values on a sufficiently large grid cen-
tered on each atom. For each system, a complete geome- In order to assess the accuracy of the present compu-
try optimization has been carried out for the ground state tational approach for the optimized structural parameters,
closed-shell electronic structure configuration as well as for the present calculated values for Ni-porphyrinate and Ni-
the lowest triplet state and the corresponding cation. For the octaethylporphyrinate, as obtained from the BP/DNP compu-
ground state, the calculations are spin restricted whereas fortational scheme, are compared to those predicted from X-ray
the cation and for the triplet states the spin unrestricted imple- diffraction measuremenf81-34](Table 1. From the results
mentation of the Kohn—Sham DFT formalism is used. This reported inTable lit appears that the BP/DNP method is able
set of calculations has been carried out using the DMol3 com- to quantitatively describe the bond lengths and bond angles of
puter progranj24]. both compound$ and2. The BP/DNP values for compounds

Using the Becke—-Perdew exchange-correlation and 3 and4 are reported ifable 2 values for the compounds
the DNP optimized geometry—hereafter referred to as and2 are also reported ifiable 2for comparison. The final
BP/DNP—single-point calculations have been carried out us- optimized geometries of the four compounds are schemati-
ing the B3LYP exchange-correlation functiorjaB] which cally depicted inFig. 2 For compound. the present results
has proven to provide more accurate energy values. In princi-are in very good agreement with the BP results reported by
ple, B3LYP performs better for organic compounds although Baerends et al. using a triplehasis set of Slater type orbitals
it has also been shown to perform very well in transition [19]. Both sets of calculated results are also in agreement with
metal elements containing compounds although no transition
metal compounds were included in the data set used in theTable 1 .
fit [25—-28] The B3LYP calculations have been carried out Experimental and computed geometrical parametéran(d®) of the Ni-
using standard Contracted Gaussian Type Orbitals (CGTO)EELF;?Snate (compounti) and Ni-octaethylporphyrinate molecule (com-
basis sets; 6-31G** for all atoms except for Ni for which the
small core effective core potential (ECP) of Hay and Wadt has

Parameter Compourid Compound?

been selected together with the standard dogblasis Gaus- X-ray? BP/DNP  X-ray BP/DNP
sian basis s€R9], normally referred to as LANL2DZ. For  Bond length &)
Ni-porphyrinate (compound), the B3LYP calculations in- Ni—N 1.951 1974 1961 1960
volve atotal of 418 CGTO functions whereas the calculations  C:—N 1379 1383 1376 1380
corresponding to Ni-octaethylporphyrinate (compo)d GG 1.435 1439 1450 1450
X : : C—C3 1.371 1364 1369 1377
Ni-deoxophylloerythroetio porphyrinate (compou8dand Ca—Cs 1383 1387
Ni-tetraphenylporphyrinate (compou#dyiare more demand- Co—Ca1 1.504 1502
ing and involve 802, 692 and 834 CGTOs, respectively. The Cai—Cz 1.347 1383 1542 1542
B3LYP calculations have been carried out using the Gaus- angles bond )
sian98 suite of prograni80]. N—Ni—N 90.0 900 900 901
From the B3LYP calculations several properties are Ni—N—C; 12738 1277 1276 1273
obtained and analyzed such as core-level shifts for the N~Ci=Cz 1110 1110 1114 1111
N atoms on the pyrrolic ring, singlet-triplet energy dif- N—CaGs 1254 1254 1248 1247
o ' C1—N—Cy 1043 1046 1048 1052
ferences and the excitation energy for the lowest allowed ¢,—c,—c, 1068 1067 1062 1063
singlet-singlet transition which can be directly compared ¢,—C,—C» 1253 1250
to the electronic spectra of porphyrins and in particular to  C2—Cz—Czs 1236 1244 1285 1285
the so-called Q and B (or Soret) banis7,19] The latter 22:221__0 Co2 135 gig Eg; Eﬁg
has been obtained using time dependent DFT (TD-DFT) cj—c:—cz 1236 1238 1220 1240
as implemented in Gaussian98 and using again the B3LYP ¢ —n—N—C; 17 00 198 278

model for the eXChange'Correlaﬂon_ functional. TD-DFT is The calculated values correspond to the BP/DNP level of theory.
based in the Kohn—-Sham formulation of DFT and makes 2 Ref. [31].
use of the eigenvalues and eigenvectors of the Kohn—Sham ° Refs. [32-34].
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Compound 3 Compound 4

Fig. 2. Optimized geometries of the Ni-porphyrinate compounds studied in the present work as obtained at the BP/DNP level theory.

experimental reosults with a maximum deviation in the-Ni this deviation has also triggered several theoretical studies
distance of 0.02 between calculated and experimental val- [37]. Therefore, it is not surprising at all that the substituted
ues (see [19] and references therein). molecules exhibit a ruffle deviation and that the numerical

Ni-porphyrinate is totally planar hence exhibiting a value of the angle corresponding to the strain in this deviation
marked difference with respect to the analogous vanadyl com-depends on the nature of the substituent (seeN=N—Cj3
pound which has been shown to have a dome sl2fle in Table 2. It appears that the largest deviation from pla-
However, the other Ni-porphyrinates studied in the present narity occurs in the case of phenyl substituents whereas in
work also exhibit a slight non-planar shape. In any case, both aliphatic cases a similar strain is predicted. This feature
the tendency to strain out of the planarity of this kind of could be attributed to a large increase in the electronic density
molecules is well known and confirmed by several X-ray near the metal center caused by the presence of the aromatic
analyse$31-34] The origin of this strain has been attributed rings.
to the reduced space of the porphyrin molecule cavityand also  To analyze the electronic structure we first comment on
to the presence of peripheral substitudB8&. The nature of  the Mulliken population analysis as predicted from both BP
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Table 2 _ . _ _ moiety, it does not permit to discriminate the effect of the
Optimized BP/DNP geometrical parametefsand ) of Ni-porphyrinates  djifferent substitutents. In order to have a more detailed pic-
(compoundsi—4) in the closed-shell electronic ground state ture we have analyzed the N(1s) core levels and compared to

Compound those of the pyrrole. Accurate core-level binding energies can
1 2 3 4 be obtained from the total Kohn—Sham energy differences of
Bond length &) the neutral molecule and the molecule with a core fig3.
Ni—N 1.974 1960 1955 1934 However, qualitative trends can also be obtained from the or-
Ci—N 1.383 1380 1380 1383 bital energies of a Hartree—Fock calculat[88]. According
Ci—C; 1439 1450 1453 1441 to the Koopman’s theorem the negative value of these one-
gzzgzl 1364 11%; ﬁgg 1365 eIec.tron energies are approximqte ionizatiqn.potentials which
Co—Hoy 1.085 1084 are indeed very useful to establish trends initial state effects
Cs—Cs 1.383 1387 1389 1397 [39]. In principle, the lack of an equivalent of the Koopman’s
Angles bond {) the_orem in D_FT does nofc allow one to use the Kphn—Sham

N—Ni—N 90.0 901 909 900 orbital energies as an estimate of the core-level binding ener-
Ni—N—C; 1277 1273 1275 1272 gies. Nevertheless, recent theoretical analysis and numerical
N—C1—Cp 1110 1111 1109 1103 results by Chong et al. strongly suggest to interpret the en-
N=Cs—Cs 1254 1247 1248 1252 ergies of the occupied KS orbitals as approximate but rather
C1—N—Cy 1046 1052 1054 1056 R . i
C1—Cy—Cs 1067 1063 1065 1069 accurateelaxedionization potential$40]. These would in-
C1—Co—Co1 1250 1249 clude not only initial state effects but also the final stated
C1—Co—Ha1 1244 1246 effects caused by the electronic relaxation in response to the
Co—C3—Ca3 1285 1286 presence of the core hole. In fact, the N(1s) binding energy
gizgj:(":'? 1532 1240 1241 Eii estimated for pyrrole from the Kohn—Sham orbital energy is
Ca—Cs—Ce 1238 1240 1242 1215 382.02 and 391.50eV at the BP and B3LYP levels, reason-

C1—N—N—Cy; 0.0 278 254 360 ably close to the experimental value of 406.2[&\], spe-
cially for the B3LYP method. Notice that the Hartree—Fock
] value for the pyrrole N(1s) estimated from the Koopman's
and B3LYP calculationsTable 3. In all cases arather large  thegrem is 424.8 eV, quite far from the DFT values, and be-
positive charge{0.5eV) is predicted in Ni, the BP and  comes 406.3 eV when computed from&CF calculation:
B3LYP predictions being very close to each other. This pos- {he relaxation energy amounts to 18.5[é¥,43] Clearly, the
itive charge on Ni is accompanied by a negative charge in peT yalues are closer to the experimental value as expected
the N atoms of the pyrrolic rings which again is very sim- 5 the analysis of Chong et 440]. In any case, the mean-
ilar for the four different compounds and for the different g1 analysis of the present results concerns the comparison
functionals. Therefore, while this simple analysis is able 10 ofhe core-level binding energies for the different substituted
show the marked electrophilic character of the metallocycle porphyrins and of the core-level shift with respect to pyrrole.
The former also indicates that the electronic structure of the
Table 3 ) ) o porphyrin moiety is almost unaffected by the substituents,
Mulliken charges on Niand N, Q(Ni) and Q(N), core-level N(1s) ionization v o'y 41er is consistent with this appreciation and also with
energy and core-level N(1s) with respect to pyrrat® for the four Ni- . .
porphyrinate compounds studied in the present work as predicted by the pth€ Mulliken analysis. The N(1s) level becomes less bound
and B3LYP methods and shift towards higher energies although for the different
Method Compound compounds the shift is also similar.
Table 4reports the ionization potentials of the four Ni-

1 2 3 4 . . . .
porphyrins studied in the present work as estimated from
Q(Ni)
BP 060 058 057 057
B3LYP 0.60 054 052 056 Table 4
QM) Negative of the Kohn—Sham HOMG-¢), vertical (IP) and adiabatic ion-
BP _0.47 _0.48 _0.48 _0.46 ization potentials (IPa) of Ni-porphyrinates (compouiésd)
B3LYP —0.62 —0.61 —0.61 —0.58 BP B3LYP,—¢
N(1s) (Ev) —e P IPa
BP 38142 38100 38097 38127
Compoundl 4.85 5.07 5.03 5.25
B3LYP 39030 38997 38995 38999 Compounc? 4.49 4.26 419 4.82
A (eV) Compound3 4.45 4.25 411 4.78
BP 060 102 105 Q75 Compound4 4.69 4.25 4.15 4.98
B3LYP 120 153 155 151 IP and IPa are obtained fromASCF calculations, this is

The core-level energy is estimated from the corresponding Kohn—Sham —{(Ecation— Eneutra)}. IP uses the geometry of the neutral molecule
eigenvalues. The N(1s) ionization energy for pyrrole is 382.02 and 391.50 eV for both species whereas IPa considers the optimum geometry of each
atthe BP and B3LYP levels, respectively. The experimental value is 406.2 eV. species. All results are given in eV.
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Janak’s theorend4] using the BP and B3LYP exchange- bands appearing at 2.28 and 2.22, and 3.11 and 3.22 eV for
correlation functionals. This theorem ensures that, for the compoundsl and2, respectively, although values for com-
exact exchange-correlation functional and for infinite sys- poundl were determined from the GSolution spectrum
tems, the Kohn—Sham energy of the HOM€)i§ the nega- (see [19] and references therein). For compoladietailed
tive of the ionization potential. Since the two functionals used analysis has been reported by Baerends et al. using TD-DFT
are approximate, the IP values have also been obtained fronmwithin the statistical averaging of orbital dependent model
properASCEF calculations carried out using the BP geometry potentials. These authors show that TD-DFT is able to quan-
of the neutral species for the neutral and cation (vertical IP) titatively explain the low energy spectrum of compouhd
and the BP geometry of both species (adiabatic IP). For thewith calculated values for the Q and B bands of 2.40 and
BP functional, the IP values estimated frerare in a quali- 3.23 eV and oscillator strengths of 0.0052 and 1.0214, re-
tative agreement with the adiabatic IP valu€ale 4. This spectively. These results strongly suggest to employ TD-DFT
fact permits to use the values to compare IPs of the four to study the low lying states of the rest of compounds consid-
compounds estimated from the two functionals. The abso- eredin the present work. This will allow one to investigate the
lute values are different but they are also strongly correlated, effect of substituents on this absorption bands. The present
the BP functional values being roughly 0.3 eV smaller than B3LYP for compoundl are 2.49 and 3.48 eV for the Q and
those arising from the B3LYP method. The absolute values B bands with oscillator strengths of 0.004 and 0.731, respec-
of the IP of the different compounds are all in the 4-5eV tively, very close those reported by Baerends dtl&] (2.40
interval but with differences which are significant, the largest and 3.23 eV) and, hence, also in a similar agreement with
one corresponding to compoutddand the smallest ones to  experiment (2.28 and 3.11 eV). The predicted values for the
2 and3 as expected from the inductive effect of the corre- Q and B bands and the corresponding oscillator strengths
sponding substitutents. This effect can also be observed inof the rest of compounds are reportedTaible 5 For com-
the net charges reported irable 3although the variations  pound2 the calculated value of 2.41 is also in very good
are again too small to be considered as significant. How- agreement with the experimental value of 2.22 eV described
ever, a clear trend exists between IP values and the N(1s)above. Moreover, the excitation energy is very close to that
core-level shifts with respect to pyrrole with a correlation of compoundl, also in agreement with experimental evi-
of ~0.9 for the B3LYP values and of 0.99 for the BP ones. dence. From the data ifable 5one can safely conclude that
The explicit relaxation of the cation orbitals at the BP/DNP the effect of substituents on the optical spectrum of these
level or of the cation optimized geometry introduces notice- four Ni-porphyrin derivatives is very small. This is impor-
able changes in the calculated ionization potentials and thetant because compoun@sand 4 are synthetic models for
difference between the different compounds almost disap-the Ni-geoporphyrins whereas compougid one of the real
pears. Geometry optimization for the cation leads to a ge- components of crude oil. Finally, the excitation energy to the
ometrical structure which is almost the same obtained for lowest triplet AEsT) as obtained from B3LYP single-point
the neutral molecule and, consequently, the resulting adi- energy difference at the ground state optimized geometry was
abatic ionization potential values are only slightly smaller determined. Again the excitation energy corresponding to
than the corresponding vertical values. This permits one to compoundsl and2 are very similar and lower than the one
conclude that the initial state effects either on the core lev- corresponding to the singlet state as usual. Howeve3 thoe
els or on the HOMO can be used to distinguish the different trend in the excited singlet and triple states is reversed, the
substitutents. Moreover, the rather large values of these ion-low lying singlet state being slightly lower in energy. Finally,
ization potentials suggest that oxidation processes are dif-we note that for compourtthe lowesttriplet appears at quite
ficult in agreement with previous findings indicating that higher energy than for the rest of compounds. This result has
oxidation of Ni-porphyrinate derivatives requires the use of to be attributed to the presence of the phenyl groups which
perchlorate, a strong oxidizing aged]. From these re-  probably provide further stability to the singlet closed-shell
sults it is clear that it is unlikely that the poisoning activity ground state.
of Ni-porphyrinates could be due to the presence of these
species in the form of radical cations, the energy cost is t00 e 5
large. TD-DFT/B3LYP calculated values for the energgiss) and oscillator
Finally we consider the lowest excited states of the Ni- strength {) for the excitation leading to the Q and B bands and B3LYP
porphyrins studied in the present work. This is because theEXCitation energy AEst) for the lowest triplet state as obtained from a
closed-shell nature of these compounds would suggest thafn9'e-point calculation of Ni-porphyrinates (compounds)
to be chemically active some kind of promotion would be Band Q Band B (Soret) TripletyEst
needed. On the other hand, the analysis of the electronic AEss f AEss f
spectra of these porphyrins shows two well defined bandsCompomdl 5 49 0004 348 0731 1.70
with weak and strong intensities indicating the existence of compoune  2.41 0.022 3.34 0794  1.70
excited states sufficiently low in energy so as to participate in Compound3  2.39 0.021 331 0.669 237
the chemistry in the conditions at which fluid catalytic crack- Compoundd  2.37 0.001  3.26 1.006  3.87
ing takes place. These are the well known Q and B (Soret) All results are given in eV.
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