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Infrared Spectra of Nickel Octaethylporphyrin and Its Isotopomers Computed via Density
Functional Theory—Scaled Quantum Mechanical (DFFSQM) Method
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Department of Chemistry, Usrsity of Louigille, Louisville, Kentucky 40292, and Steacie Institute for
Molecular Science, National Research Council of Canada, Ottawa, Ontario K1A OR6, Canada

Receied: Nawvember 8, 2002

Gradient-corrected density functional theory (DFT) calculations were carried out to develop a scaled quantum
mechanical (SQM) force field for nickel octaethylporphyrin (NIOEP). Frequencies for all vibrations were
calculated for several conformers and isotopomers of NIOEP. Assignments of infrared active vibrations were
made upon the basis of normal coordinate analysis of the resulting-BBEM force field. The spectra and
vibrational assignments agree well with previously reported experimental infrared data for NIOEP, with only
eight of the peaks in the simulated natural abundance spectrum being more than'l&pan from their
counterparts on the experimental natural abundance spectrum. Theoretically calculated isotopic shifts on
simulated spectra resemble isotopic shifts observed experimentally. All but four shifts in the simulated meso-
deuterated spectrum are within the same order of magnitude and in the same direction as those reported for
experimental meso-deuteration, and none of the simulaitedhifts were more than 2 crhlarger or smaller

than their respective experimental shifts.

Introduction 2

Vibrational spectroscopy, in particular resonance Raman (RR) 8 m
spectroscopy, is one of the principal experimental techniques
used to study biologically important porphyrih&/ibrational
spectra provide rich and unique fingerprints of metalloporphy-
rins, but the information contained in the spectra is not easily
deciphered. The main shortcoming of vibrational spectroscopy
is that its results have been traditionally difficult to interpret
without guidance from normal coordinate analysis. A primary
tool for the interpretation of metalloporphyrin vibrational spectra  Figure 1. Structure of nickel octaethylporphyrin and its carbon atom
is the determination of the vibrational force field (FF), which labeling scheme.
is the potential energy surface as a function of the molecular
geometry, and the subsequent normal coordinate analysis. Over the past few years, DFT calculations have become a

Before modern density functional theory (DFT) became powerful tool for developing force fields and assigning vibra-
capable of handling complex systems resembling the active sitetions for relatively large systems such as metalloporphyrins. The
of metalloenzymes, such as metalloporphyrins, the developmentDFT approach represents substantial improvement over the
of vibrational force fields was carried out through empirical earlier empirical force fields as shown in DFT studies of nickel
approaches. Nickel octaethylporphyrin, NiOEP (Figure 1), has porphine (NiPj2and nickel tetraphenylporphyrin (NiTPP)In
been used by many researchers as a primary model for thesimilar fashion, we have employed DFT in the analysis of
development of an empirical force field for metalloporphyffis. ~ NiOEP. Previously, we compared the results of DFT calculations
Studies by Kitagawa and co-workers on NIOEP and various for NIOEP with published experimental X-ray crystallography
isotopomers allowed them to make vibrational assignments for data® This work presents simulated infrared (IR) spectra from
particular in-plane vibrations of the porphyrin skelefoAd- DFT calculations and compares these simulated spectra with
ditionally, they were able to identify a number of overtones their experimental counterparts published earlier by Kincaid and
and combination bands. Later work by Spiro and co-workers co-workers’ A vibrational analysis of Raman-active vibrations
extended the empirical force field and improved its qudlity. will be presented in future publicatich.

The result was the development of a consistent porphyrin force

field that enabled the assignment of all in-plane vibrati¥?s, Computational Methods

as well as an attempted characterization of out-of-plane

vibrations® The empirical force field for NIOEP was later used ~ Calculations reported in this paper were carried out using
as a guide in making vibrational assignments for cytochrome gradient-corrected density functional theory (DFT) with the
c*2 and myoglobirf? Becke-Lee—Yang—Parr composite exchange correlation func-
- tional (B3LYP) as implemented in the Gaussiarf 88ite of
|ou*isT/(i)||eW:(§)lT correspondence should be addressed. E-mail: pawel@ nyrograms for electronic structure calculations. The B3LYP level

t University of Louisville. of theory with 6-31G(d) [for H, C, and N atoms] and Ahlrichs
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Figure 2. Structures of NIOEP conformers showing the orientation of the ethyl substituent groups.

TABLE 1: Scaling Factors as Applied to Force Constants nonplanar triclinic conformers and the tetragonal conformer,
scaling facfor which is also nonplanar, are essentially degenerate, being within
0.09 kcal/mol of each other. The small energy difference
between conformers explains why a mixture of conformers is

coordinate type

X—=Y stretch 0.9337
stretch between two non-hydrogen atoms)

C—H stretch 0.9122 possible in NiOEP solutions and gas-phase NiOEP; however,

torsional bending 0.9619 the energy barrier between changes from one conformer to

XY —Z bend 0.9880 another is large enough that three distinct conformers have been
bend between three non-hydrogen atoms) crystallized successfully.

XY —H bend 0.9340

in-plane bending of hydrogen atom) To understand better the characteristics of various conformers
out-of-plane modes 0.9486 with respect to ethyl orientation and macrocycle planarity,

2 The values used for scaling factors were optimized on free base infrared spectra were simulated from calculated frequencies and
porphine and its isotopomers as given in Kozlowski, P. M.: Jarzecki, intensities for the tetragonal, ruffled and planar triclinic A, and

A. A.; Pulay, P.J. Phys. Cheml996 100, 7007. The scaling factors ruffled and planar triclinic B conformers of NiOEP.
were used for NIOEP without additional optimization as in the NiP Kincaid and co-workers published high-quality infrared
and NiTPP studies. spectra acquired in an argon matrix for both natural abundance
NIOEP and its meso-deuterated analogue (NiQEP-A
calculations on metalloporphyrifis! was employed in the  comparison of the experimental natural abundance NiOEP IR
present study. Cartesian force constants were calculated at thgpectrum with the spectrum simulated from DFT calculations
optimized geometry and then transformed to natural internal is presented in section A that follows, and a similar comparison
coordinated? The natural internal coordinates were automati- for meso-deuterated NiOEP is discussed in section B. In section
cally generated by the TX90 prografand manually aug-  C, the effect of isotopic substitutions on simulated spectra is
mented. To refine the calculated DFT force constants, we usedanalyzed through comparison of the simulated natural abundance
scaled quantum mechanical (SQM) procedure and scaled theNiOEP spectrum with the simulated KiN-OEP, NiOEPd,,
resulting force constants according to the formig = and NiOEPd;s spectra.
(Ai4;))V/?F;.1 Force constants were scaled by applying scaling A, Experimental and Simulated Natural Abundance
factors as given in Table 1 prior to vibrational analysis and gpectra. Though the simulated natural abundance spectra for
creation of simulated spectra. No further optimization was the various conformers are all similar to the published experi-
performed after the scaling of the force constants. The program mental natural abundance spectrum for NiOEP collected in an
Molekel'> was used for graphic visualization of vibrations. argon matrix, none of them match perfectly. This was not
unexpected because uncrystallized samples of NIOEP are
thought to contain a mixture of conformers. Of the simulated
X-ray crystallography data has been reported for three spectra, the spectrum for the tetragonal conformer appears to
conformers of NiOEP: tetragonal, triclinic A, and triclinic B be the one that is most similar to experimental spectra. As
(Figure 2). These conformers differ principally by the orientation evidenced in Figure 3, there is good agreement overall between
of the ethyl groups with respect to the porphyrin macrocycle. the simulated and the experimental spectra. Only eight of the
The X-ray data show the nonplanar tetragonal conformer to havepeaks on the simulated spectrum are more than 10 epart
S, symmetry and the triclinic A and triclinic B forms, which ~ from their counterparts on the experimental spectrum. Intensities
are planar, both to hav@y, symmetry. As reported previously,  of the peaks also match reasonably well between the two spectra.
DFT energy calculations on three conformers having structures Table 2 presents data for the various spectra. Included in this
similar to those studied crystallographically and on nonplanar table are the descriptions of vibrations as reported by Kincaid
(ruffled) versions of the triclinic A and triclinic B conformers et al” and descriptions that we propose. Vibrational assignments
reveal two important points. First, the ruffled versions of the (v, ;) are also presented in Table 2, and all reassignments from
two triclinic conformers are about 0.2 kcal/mol lower than their those proposed by Li et &.or Kincaid et al’ are noted. A
planar counterparts. Second, the calculated energies for thecomplete vibrational assignment and detailed description of

Results and Discussion
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Figure 3. Comparison of experimental infrared spectrum (reproduced with permission from ref 7) with simulated spectrum (tetragonal conformer)
for natural abundance NiOEP.

skeletal vibrations for NIOEP will be presented in a forthcoming (simulated), vibrationss, was assigned originally to stretching
publication® Descriptions and assignments for peaks in the of the G,—N and G,—C,, bonds, but our analysis indicated that
simulated spectra were made using information from the total this peak results from stretching of thg-©Cg and G,—N bonds
energy distribution among the internal coordinates for each and from a strong ethyl component, namely, the stretching of
vibration and by observing the vibrations within graphical the G—C, bonds. Originally described as stretching of-N
visualization software. The terminology used in describing the bonds, the peak at 726 ct(experimental)/729 cri (simu-
vibrations is in keeping with that used by Kincaid and lated), vibrationy,;, appears instead to be due to out-of-plane
co-workers!, such that the symboly, 6, and & refer to vibrations of the porphyrin macrocylex(skeletal)]. This
stretching, in-plane bending, and bending out of plane, respec-particular out-of-plane vibration, however, significantly displaces
tively. The carbon atom labeling scheme is given in Figure 1, the nitrogen atoms with respect to the plane of the porphyrin
with the G atom of the experimental descriptions being macrocycle. This displacement may give rise to the appearance
equivalent to the €(methylene carbon) atom shown in Figure of a v(C,N) component in experimental isotopic evaluation,
1 and used in the descriptions for peaks on the simulated spectrawhich we believe to be the basis for the original description of
The designations given for each frequency are arranged inthis vibration asy(CyN).

approximate order of decreasing contribution. B. Experimental and Simulated Meso-Deuterated Spectra.

In general, the descriptions presented in this paper agree withA spectrum for the tetragonal conformer of NIOEP deuterated
those given by Kincaid et al.the exceptions being those for  at the four G, atoms, called meso-deuterated NiOEP or NiOEP-
the peaks with experimental wavenumbers 1690, 1275, 996, andds, was simulated for comparison with the NiOEPspectrum
726 cnT. The peak seen in the experimental spectrum at 1690 obtained by Kincaid and co-workeéré=igure 4). Table 2 gives
cm! did not appear in our simulated spectra for any of the values for the shifts reported by Kincaid et @nd for the shifts
conformers and is now believed to be the result of impurities that we observed in the simulated NiOEPspectrum. Con-
in the experimental samptéKincaid et al” described the peak  sidering the spectrum as a whole, deuteration can shift each
appearing at 1275 cm as stretching of the £&-Cg and G—Cs fundamental frequency only to lower values. Seemingly positive
bonds, but according to our data this peak, which appears atshifts result from a crossover in the assignment of individual
1277 cm! on the simulated spectrum, is due mainly to modes. In general, the shifts observed in the simulated spectra
vibrations of the ethyl constituents with some contribution from resemble those reported for the experimental spectra. The 1501
v(CuCp). The peak at 996 cni (experimental)/983 crmi cm ! peak §39) on the experimental spectrum shifts down to
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TABLE 2: Frequencies (cnt?) from Experimental and Simulated Spectra of NiOEP

experimental spectta simulated spectra
na Ad; A™ description $ Ads Adie AN Anfied Aplanar Bruled  Bplanar @ssignment description
1604 v(CsCp) 1609 6 4 -1 1606 1610 1606 1611 w3 v(CsCp), ¥(CoCry)
1575 9 0  v(CoCn) 1570 11 3 0 1567 1572 1567 1572 wvad v(CoCr), ¥(CsCp)
1501 7 0 v(CoCn) 1483 -2 -4 0 1483 1483 1483 1485 wg ethyl, v(C,Cr)
1473 0 0 ethyl 1490 0 7 0 1491 1491 1491 1492 ethyl
1456 1 0 ethyl 1472 0 1 0 1472 1472 1473 1473 ethyl
1462 0 373 0 1463 1462 1463 1463 ethyl
1396 4 0 v(CuCp), ¥(CsCy) 1396 1397 1397 1397 1397 w4 O(CoCrH), v(CuN),
v(CoCp), ethyl,
V(C/gcl)
1388 0 0 0 1390 1390 1392 1391 ethyl
1378 -2 0 ethyl 1371 0 0 1371 1372 1371 1371 v, ethyl, »(CsCy),
Y(CoCp)
1323 1 0 ethyl 1324 -1 255 0 1325 1325 1325 1325 ethyl
1316 0 347 0 1315 1315 1315 1316 ethyl
1275 8 0 v(CuCp), v(CsCp) 1277 9 457 0 1278 1278 1276 1276 ethy(C.Cp)
1231 46 3 v(CuCn), ¥(CaN), 1234 282 -9 4 1235 1234 1233 1234 vy O(CoCrH), v(CuN),
0(CoCriH) 1(CoCp)
1153 205 8 ¥(CuN), 6(C.CiH) 1146 2 -53 6 1146 1145 1146 1145 v(C4Cy), ¥(CuN),
ethyl, 6(C.CrH)
1133 -18 12 1132 —-52 29 10 1134 Va3 v(CuN), 6(CoCrH),
v(CsCa)
1119 -2 2 ethyl 1113 -2 475 0 1113 1113 1113 1113 ethyl
1069 0 0 ethyl 1059 0 31 0 1059 1059 1064 1064 ethyl
1061 -1 0 ethyl 1054 -1 41 0 1056 1056 1056 1055 ethyl
1021 -3 0 ethyl 1010 -3 —99 2 1011 1010 1011 1011 ethylCoCp)
996 0 5  »(CuN), v(CuCrm) 983 3 140 5 984 984 984 984 w45 ethyl, »(C,N),
Y(CoCp)
959 -5 0 ethyl 938 3 2 943 942 941 941 ethy(CaCp)
927 8 3 »(CuCn), v(CsCs) 908 4 73 1 911 911 911 911 vy ethyl, v(C,Cr)
847 843 848 7(CH)
846 164 0 a(CyH) 836 196 -4 0 840 837 843 843 va4, V19 (CrH)
834 0 823 16 -84 0 823 823 824 824  wuf ethyl, 7(CyH)
751 753 0(CoCnCy), ethyl
754 —12 0  s(skeletal) 747 —22 14 0 746 744 746 746 st(skeletal), ethyl
741 -25 2 7 742 741 741 741 ys n(skeletal)
742 737 —32 4 0 735 734 ya nt(skeletal)
726 0 4 y(CuN) 729 10 2 5 726 726 Y21 n(skeletal)
716 715 714 713 mr(skeletal)
703 69 4 n(skeletal) 693 15 5 698 695 Vag® v(CsCy), v(CsCp),
m(skeletal)
688 686 691 689 n(skeletal)
605 v(CuCn), 6(CsCsCs) 596 5 34 0 596 594 V51° 0(CCsCy), v(CsCy),
ethyl
574 572 mr(skeletal)
544 550 11 20 0 533 531 540 538 a9 n(skeletal)
506 7 28 1 512 510 524 522 vy st(skeletal),y(CuC)
479 478 470 469  ys n(skeletal)
454 4 9 2 447 446 447 446 o s(skeletal)
360 362 22 0 5 365 362 366 364 y° n(skeletal) s1(CrH)

aKincaid, J. R.; Urban, M. W.; Watanabe, T.; Nakamoto,JKPhys. Cheml983 87, 3096.° v; was assigned to a different frequency than that
given by Li et al. in ref 3b but to the same frequency given by Kincaid et al. in ré¥iAvas reassigned to a different frequency than that given
in either Kincaid et al. in ref 7 or Li et al. in ref 38.»; was assigned to a different frequency than that given by Kincaid et al. in ref 7 but to the
same frequency given by Li et al. in ref 3b.

1494 cn! upon meso-deuteration, whereas the 1483'qmeak reported the following shifts: 1231 to 1185 ci 1153 to 948

on the simulated spectrum shifts up to 1485 ¢énSimilarly, cm™%, and 1133 to 1151 cm. Li and co-worker® reported

the 959 cm? peak shifts up to 964 cnt on the experimental  the experimental shifts differently: 1231 to 948 til1153 to
spectra, whereas the 938 thpeak shifts down to 935 cm 1185 cnt?, and 1133 to 1151 cm. For their calculated spectra,
on the simulated spectra. Where no shift is seen for the peak atLi et al.3® reported the following shifts for these peaks: 1240
726 cm! (y21) on the experimental spectra, the simulated to 888 cnv?, 1144 to 1212 cmt, and 1130 to 1129 cmi. Our
spectra show a shift from 729 to 719 chnThe large shift of analyses based on the total energy distribution for the internal

69 cnt! reported for the experimental peak at 703 ¢€rfv,g) coordinates for these vibrations indicate that for the simulated

was not of the same magnitude in the simulated spectra: 693spectra the shifts are 1234 to 952 ¢in1146 to 1144 cmt,

to 678 cntl. and 1132 to 1184 cm. The uncertainty about assigning this
The shifts of the peaks at 1231, 1153, and 1133cim the trio of peaks and their counterparts in the messpectra could

experimental natural abundance spectrunp, (vas, and vas, be attributed to these vibrations being mixed. These three

respectively) and their counterparts for the simulated spectrumvibrations are comprised of many of the same components, and
require explanation as a group. In their paper, Kincaid ét al. this may result in a mixing of modes among them.
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Figure 4. Comparison of experimental infrared spectrum (reproduced with permission from ref 7) with simulated spectrum (tetragonal conformer)
for natural abundance NiOEf®:-

Regardless of how one matches the three natural abundanceomponent that is part of the assignments of each of these peaks.
peaks (1231, 1153, and 1133 chito the resulting peaks in  The peaks originally at 74%€), 729 (/»1), 693 @4g8), and 326
the NiOEPd, spectrum, there will be at least one peak with a cm™ (y7) shifted by 7, 5, 5, and 5 cm, respectively, in keeping
negative shift value. Though deuteration results in the shifting with their z(skeletal) components. The remaining peaks showing
of peaks to lower frequencies, meso-deuteration of the NiOEP shifts in the Ni?®N-OEP spectrum have either 5&(skeletal)
macrocycle can, in fact, appear to result in the shift of a few of component or a stretching component involving theatm,
the peaks to higher wavenumbers. This can be attributed to awhich would be affected by the close proximity of a heavy
modes energy crossing due to kinematic coupling. In the nitrogen atom.
simulated spectra, the shifts of larger negative values, with the Meso-deuteration of NiIOEP results in very large shifts for
exception of the previously discussed peak at 11321cmre two peaks: 12341y,) to 952 cnt! and 836 {4, y19) to 640

all associated with vibrations with a strongskeletal) compo- cm L. As explained previously, there is some ambiguity
nent. This effect is also seen in the experimental spectra for thesurrounding the assignment of the shifts to the three peaks 1234,
peak at 754 cm! and its corresponding shift of 12. 1146, and 1132 cmt (vaz, vas, andvas, respectively) on the

C. Isotopic Substitutions—Simulated Spectra. For com- simulated natural abundance spectrum. Ambiguity aside, a shift

parison with the simulated natural abundance spectrum for theof 282 for the peak at 1234 crhin the natural abundance
tetragonal conformer of NIOEP, three spectra representing spectrum correlates with the fact that in-plane bending of the
various isotopic substitutions were created that correspond tohydrogen at the @ atom, 6(C,CH), comprises the largest
incorporation of'>N into the porphyrin macrocyle, deuteration portion of this vibration. Likewise a shift of 196 for the peak at
at the four G, atoms, NiOERd,, and deuteration at the eight 836 cnT? (4, y19) agrees with the assignment of this peak to
methylene carbons on the ethyl substituents, Ni@EPThese the out-of-plane bending of the hydrogen on the meso-carbon
spectra are presented in Figure 5, and the values for the resultingatom, z7(C,H).
shifts are presented in Table 2. Simulating a NiOERd;s spectrum vyields large shifts for a
The simulated N*N-OEP spectrum revealed shifts similar number of peaks. The largest of these shifts belongs to peaks
to those reported by Kincaid et allhe shifts observed for the  that have assignments comprised of only ethyl components
trio of peaks at 1234, 1146, and 1132 Fnfvaz, v44, andvyg) (1462, 1324, 1316, 1277, and 1113 There are a number
and for the peak at 983 crh (v45) agree with thev(CyN) of vibrations that have assignments as only ethyl vibrations but



4170 J. Phys. Chem. A, Vol. 107, No. 20, 2003 Stoll et al.

i Wy

(a)

(IR

(b)

(c)

T -

1700 1500 1300 1100 900 700 500 A 300
cm

Figure 5. Comparison of simulated infrared spectra for NIOEP: (a) natural abundance wiiN(k(t) mesoed,, and (d) metd;s isotopomers of

tetragonal NiOEP.

do not show a large shift like the ones listed previously. In the peaks with strong ethyl components but little shift in the NiOEP-
convention used for describing vibrations in this paper, there is dis Spectrum correspond to vibrations involving theafom at
no distinction among the various types of ethyl vibrations. The the end of the ethyl substituents, such as bending of the hydrogen
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atoms attached toCthat are affected little by deuteration at simulated IR spectra comparing planar and ruffled triclinic A

the methylene carbon atom;.0’he three peaks that have large and triclinic B conformers of NiOEP. This material is available

negative shifts, 1146/4), 1010, and 823 cr¥ (v47), are mixed free of charge via the Internet at http://pubs.acs.org.

vibrations comprised both of ethyl components and of other

contributing vibrations. It is noted here that although Li and References and Notes
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