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A DFT study of reversed isotope shifts in H/D
substitution of free-base porphyrin and related
free-base tetrapyrroles

Christopher Henchy, Ciaran Murray, Claudine Crépin, and John G. McCaffrey

Abstract: DFT/B3LYP calculations are used to analyse the occurrence of reverse isotope shift ratios (ISR) in H/D
substitution of the free-base tetrapyrroles, in situations where the frequency ratio vy/vp is less than 1. The reverse ISR
effect is found to be most evident in the out-of-plane bending modes (b, and b;, symmetry) involving some N-H motion
for the four molecules studied, viz., porphine (H,P), tetraaza-porphine (H,TAP), tetrabenzo-porphine (H,TBP), and
phthalocyanine (H,Pc). It was analysed by following the evolution of the normal mode frequencies with incremental
variation of the H atom masses from 1 to 2 amu. This method allows direct, unambiguous mode correlations to be
established between the light and the heavy isotopologues. When the NH(D) motion is predominant, the H to D frequency
evolution decreases in a continuous manner for a particular normal mode. In the case of two modes of the same symmetry
and whose frequencies are similar, their frequency evolutions could cross, depending on the extent of NH(D) motion
involved in them. The evolution diagrams may show avoided crossings of various extents, which thereby reflects the
degree of the NH(D) motion in the modes. The reverse ISR effect is directly correlated to these avoided crossings. Because
the isotope shifts are quite small (<10 cm™!) and occur in the congested 1500-500 cm™! spectral region, high-resolution
methods yielding narrow line transitions are required for experimental analysis. The matrix isolation technique is
particularly well suited for this work and is proposed for use in a search for this effect.

Key words: vibrational spectroscopy, porphyrins, DFT calculations, matrix-isolation.

Résumé : Des calculs DFT basés sur la fonctionnelle B3LYP ont été menés sur des molécules tétrapyrroliques afin
d’analyser le cas de rapports de déplacements isotopiques (RDI) inverses reliés a la substitution H/D dans les bases libres,
c’est-a-dire le cas de rapports de fréquences v/vy, inférieurs a 1. Ces rapports RDI inverses apparaissent clairement dans
les modes de pliage hors plan (symétries b,, et b;,) impliquant un mouvement N-H pour les quatre molécules étudiées :
porphine (H,P), tétraazaporphine (H,TAP), tétrabenzoporphine (H,TBP) et phthalocyanine (H,Pc). Les RDI inverses ont
été analysés en suivant I’évolution des fréquences des modes normaux lors d’une augmentation continue de 1 a 2 amu de
la masse de 1’atome d’hydrogene. Cette méthode permet d’établir de facon directe et non ambigué les corrélations entre les
fréquences des deux isotopologues. Lorsque le mouvement N-H(D) est prédominant dans un mode donné, I’évolution de la
fréquence de H a D diminue continfiment. Lorsque deux modes de méme symétrie ont des fréquences voisines, leurs
évolutions en fréquence de H a D peuvent se croiser, selon le degré d’implication du mouvement N-H(D) dans les deux
modes considérés. Les diagrammes d’évolutions correspondants peuvent alors montrer des croisements évités plus ou
moins prononcés, reflétant ainsi le poids du mouvement N-H(D) dans les modes impliqués. L’effet de RDI inversé est
directement corrélé a ces croisements évités. Les déplacements isotopiques sont assez faibles (<10 cm~ ') et ont lieu dans
une région spectrale tres dense (1500-500 cm~1!). C’est pourquoi, il est nécessaire d’utiliser des méthodes
spectroscopiques a haute résolution permettant 1’observation de transitions en bandes fines pour une analyse expérimentale.
La technique d’isolation en matrice est particulierement bien adaptée et elle est proposée pour la recherche expérimentale
de cet effet.

Mots-clés : spectroscopie vibrationnelle, porphyrines, calculs DFT, isolation en matrice.
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Introduction

The tautomerism exhibited by the free-base tetrapyrroles, in
which the two inner hydrogen atoms migrate between opposite
pairs of the four central nitrogen atoms, has been studied with
a wide variety of both experimental! and theoretical®> means.
Of the methods applied, vibrational spectroscopy is a direct
means of probing the mechanism underlying the tautomerism,
since the N-H stretch and in-plane bending modes have been
proposed to be involved. In spectroscopic work, isotope sub-
stitution® is a well-known tool in achieving a reliable vibra-
tional analysis, with substitution of hydrogen (H) by
deuterium (D) by far the most utilized method, as it produces
the largest frequency shifts* because of the approximate factor
of two> difference in the masses of the isotopes. Arising from
the inverse relationship between the mode frequency, v, and
the mass of the H-atom isotope, m, given by the expression,

_ 1]k
[1] V_zn\/;

in which k is the force constant, the heavier isotope is thereby
expected to occur at lower values. This behaviour assists
greatly in making mode assignments in experimental spectra.
Moreover, for the free-base tetrapyrroles, H/D substitution of
the two inner hydrogens is particularly appealing as the D,
molecular symmetry is conserved, allowing direct compari-
sons between the two isotopologues.

However, in a recent combined IR/Raman and high-level
density functional theory (DFT) study® of free-base
phthalocyanine (H,Pc), we observed quite peculiar behaviour
upon H/D substitution, whereby the frequency of one partic-
ular mode of the deuterium isotopologue was found to be
higher than that of hydrogen. The mode in question is the
IR-active out-of-plane bending vibration observed in Ar ma-
trices at 722.7 cm~! for H,Pc, but which shifts up to
729.9 cm! in D,Pc. The observed isotope shift ratio (ISR) of
0.990, determined as the vy/vp, ratio, was very well repro-
duced in the theoretical DFT results. To probe whether this
unusual reversed ISR (<1) effect is a peculiarity of Pc, we
have extended the theoretical work in the present study to
cover the 3 most closely related free-base tetrapyrroles,
namely porphine (P), tetraaza-porphine (TAP), and
tetrabenzo-porphine (TBP). The structures of all four mole-
cules are provided in Fig. 1, revealing the strong similarities of
these very important materials, often called the ‘“colours of
life”.”

A theoretical prediction of the occurrence of a reversed
isotope shift ratio (ISR < 1) was made several years ago by Li
and Zgierski in their work on developing a local mode de-
scription of the vibrations in the porphines for both free-base
and metallo-porphines.® Their vibrational analysis was based
on a valence force field and conducted with the Wilson-GF
matrix method.” However, as will be shown later, the upward
shifts in the heavier isotope were much larger than what we
have seen with the force fields generated in the present quan-
tum chemical method. The earlier work® only considered
in-plane vibrations, i.e., the N—H stretches and in-plane bend-
ing modes, but as we have found experimentally®, the most
easily identifiable instance of the reversed ISR effect in the
phthalocyanines involved an out-of-plane N-H bending
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Fig. 1. Structures of the 4 closely related free-base tetrapyrrole
molecules, namely porphine (H,P), tetraaza-porphine (H,TAP),
tetrabenzo-porphine (H,TBP) and phthalocyanine (H,Pc), whose
vibrational frequency shifts upon H/D isotope substitution have
been studied by the DFT method. The bond lengths and bond
angles found in the DFT/B3LYP geometry optimisations are
provided in Table 2 for the four molecules. With the present
method, all are found to have high (D,,) symmetry.

R
HY

H,TAP

P
Sives

H,TBP H,Pc

motion. A more recent DFT calculation of free-base
phthalocyanine by Liu et al. also found a reverse ISR.!0 While
these authors did not present an analysis of the origins of this
effect, they did comment that for the mode concerned, the
direction of the H atom motions was opposite to that of the D
atoms.

A group theoretical analysis of the four free-base tetrapyr-
roles, all belonging to the D,, point group, provides the
symmetry types and numbers of the normal vibrational modes
of the molecules being studied. The results of such an analysis,
in which the z-axis is aligned with the two central N-H bonds,
are collected in Table 1.!! As expected, the numbers of modes
in the two tetra-aryl molecules (tetrabenzo-porphine and
phthalocyanine) are much larger because of the increase in the
number of atoms, N. For the purposes of illustration, the
material presented herein will concentrate on the smaller par-
ent molecules porphine and tetraaza-porphine. However, in all
four molecules the symmetry types of the 6 modes involving
N-H motion are the same and can be compared with the
complete normal vibrational modes in Table 1.

The main goal then is to establish the correlations between
similar NH and ND modes and to rationalize the observed and
calculated frequency shifts. Calculating normal mode frequen-
cies with incremental (artificial) variation of the masses of H
from 1 to 2 allows these correlations to be established. When
the NH(D) motion is predominant, the H to D evolution in the
normal mode frequency will decrease in a continuous manner.
In the case of two modes of the same symmetry and whose

Published by NRC Research Press
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Table 1. A summary of a group theoretical analysis of the normal modes of vibration for the
tetra-pyrrole molecules examined in the present work.

N-H
vibrational
D Species modes
2h
Sym. H,P (38) H,TAP (34) H,TBP (62) H,Pc (58) STR IPB OPB
a, 19 17 31 29 v
by, 8 7 14 13
by, 9 8 15 14 v
bs, 18 16 30 28 v
a, 8 7 14 13
b, 18 16 30 28 v
b, 18 16 30 28 v
b, 10 9 16 15 v
#Modes 108 96 180 168

Note: The values in parenthesis are the numbers of atoms in each of the molecules. On the right-hand
side, the symmetries of the six possible N-H motions are provided for an analysis conducted with the z-axis
co-linear with the two central N-H bonds. The abbreviations STR, IPB, and OPB represent the N-H
stretching, in-plane bending, and out-of-plane bending modes, respectively.

frequencies are similar, their frequency evolutions could cross,
depending on the extent of NH(D) motion involved in them.
The evolution diagrams will thus show avoided crossings of
various extents, which thereby reveal the degree of the NH(D)
motion in the modes. If both normal modes involve similar
atomic motions, including the NH(D) one, they will be dis-
torted around the mass of H corresponding to the crossing, to
avoid it. This is similar to the well-known characteristic of
avoided crossing found in potential energy surfaces for elec-
tronic states with the same spatial symmetry.!? It allows an
analysis of the underlying mode interactions. In the present
paper, the instances of ISR < 1 are especially focussed on.

Methods

DFT was utilized with the 6-311G++(2d,2p) basis set for
both geometry optimization and the calculation of the vibrational
frequencies. The B3LYP functional is currently the most effec-
tive for calculating ground-state molecular vibrational frequen-
cies, and when used with a large basis set, generates accurate IR
intensities. Moreover, as demonstrated in our previous study of
both zinc and free-base phthalocyanine, the Raman intensities are
also reliable.® Another advantage of this method is that it runs
efficiently on multiprocessor computers. The present calcula-
tions were conducted with the Gaussian-03 suite of pro-
grammes'3 running, as described elsewhere®, on a Linux
workstation with two quad-core processors. All the calculated
vibrational frequencies presented in this work are, unless
stated otherwise, unscaled values obtained within the har-
monic approximation.

Because of the un-intuitive nature of the effect being anal-
ysed, the approach taken in calculating the vibrational frequen-
cies involves increasing the masses between H and D
incrementally, in steps of 0.05 amu, so that the evolution of the
modes from the light to the heavy isotopologue can be fol-
lowed in a near-continuous manner. This is the approach we
utilized in our previous phthalocyanine work.® Recently, this
method has been applied successfully by Wright and co-
workers in their work on re-numbering the vibrational modes
of benzene and its monosubstituted derivatives.!* The task in

the present analysis is to track the mass dependence of the
normal modes to see where they cross, but more importantly,
it is to identify where curve-avoidance occurs and analyse the
underlying mode coupling that produce ISR values less than 1.
In doing this, we exploit the high symmetries found in the
optimized geometries of the free-base tetrapyrroles. Accord-
ingly, this analysis is done on normal modes of a given
symmetry type with a particular focus on those modes involv-
ing the N-H vibrations. As mentioned earlier, there are only 3
types of N—H motions, but 6 distinct symmetries are involved.
Thus, the reducible representation (I') for motion involving
ONLY the two inner H-atoms (iH) can be shown to be T';;, =
6-20000 2 2. Application of the reduction formula to I';4
gives the symmetries of the N-H vibrations as la,, 1b,,, 1b;,,
1b,,, 1b,,, and 1b3,. These 6 modes as listed in Table 1 for the
4 free-base molecules considered.

To analyse details of the atomic motions producing the
reverse isotope substitution ratios (ISR < 1), we have
extracted the contributions of the internal coordinates to the
normal modes. The internal mode contributions to a specific
normal mode are expressed as percentages, which were
generated directly in the Gaussian-03 package.'> The cal-
culation of the “% Internal modes” involves a projection of the
normal modes onto the displacement vectors that define the
redundant internal coordinates. Only the most important terms
are given, with the default being all modes greater than 0.1,
with the cut-off being reduced until the total of 0.9 is reached.
This is implemented with the “freq=internal” command in the
input file.

Results

The optimized geometries obtained with the DFT/B3LYP
method and the 6-311G++(2d,2p) basis set for the 4 free-
base tetrapyrrole molecules studied are shown in Fig. 1. Com-
plete listings of the geometric parameters for the free-base
tetrapyrroles, porphine (H,P), tetraaza-porphine (H,TAP),
tetrabenzo-porphine (H,TBP), and phthalocyanine (H,Pc) are
provided in Table 2. In all cases, high (D,,) symmetry was
preserved in the geometry optimisations, and no imaginary

Published by NRC Research Press
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Table 2. A summary of the geometric parameters obtained with the
DFT/B3LYP optimization conducted in the present work on the 4
free-base tetrapyrrole molecules, porphine (H,P), tetraaza-porphine
(H,TAP), tetrabenzo-porphine (H,TBP), and phthalocyanine (H,Pc).

Length (A) P TAP TBP Pc
N-H 1.0104 1.0076 1.0112 1.009
N-C,, 1.3692 1.3701 1.3709 1.375
C.-C,, 1.3900 — 1.3839 —
C.-N,, — 1.3195 — 1313
C.Cg 1.4316 1.4436 1.4448 1.45
Cp—Cp 1.368 1.3616 1.413 1.409
Cg-H, 1.0768 1.0759 — —
Ce—C, — — 1.3985 1.394
C,~Cs — — 1.3828 1.386
Cy—Cs — — 1.4073 1.406
C,-H, — — 1.0812 1.08
Cy-H, — — 1.0812 1.081
N'-C,. 1.3600 1.3593 1.3598 1.362
C,—C., 1.3961 — 1.3949 —
C,-N_, — 1.3338 — 1.332
C.-H,, 1.0812 — 1.0806 —
C,—Cp 1.457 1.4657 1.4632 1.465
Cp—Cp 1.3521 1.3466 1.404 14
Cp-H,. 1.078 1.0766 — —
Cp—C,, — — 1.3931 1.389
C,~Cy — — 1.3894 1.392
Cy—Cs, — — 1.4014 1.401
C,-H, — — 1.0818 1.081
Cy-H, — — 1.0814 1.081
Angle (°)
H-N-C,, 124.5724 124.5932 123.6462 123.736
N-C_-C,, 125.652 — 126.1288  —
N-C-N,, — 127.7457  — 128.100
C,-N-C, 110.8552 110.8136 112.7076 112.527
N-C,-Cq 106.5301 106.5535 106.1348 106.135
C,-Cy-Cp 108.0423 108.0397 107.5114 107.601
C,-Cg-H, 124.3741 123.3376 — —
Cg-Cg-H, 127.5835 128.6226  — —
Cg-Cg-C, — — 120.5013 120.960
Cg-C,-Cs — — 118.4767 117.829
C,-Cs-Cs — — 121.022 121.211
Cp-C,-H, — — 121.1432 120.586
C,-Cs-H, — — 119.696 119.622
C.-C.-H,_, 1159102  — 115.3433  —
C,-C,-H,, 116.9554  — 116.3284  —
N'-C_-C,, 1255188  — 125.6994  —
N'-C,- N, — 127.5626 ~ — 121.688
C-N'-C,. 105.7553 105.5281 107.6054 107.226
N'-C_.-C,,. 110.8457 111.0377 110.5212 110.697
C.-Cp-Cq 106.2767 106.1983 105.6761 105.690
5-Ca-H, 125.4496 1242356  — —
Cp-Cp-H, 128.2737 129.5661 — —
Cg-Cp-C,, — — 120.7253 121.223
Cg-C,-Cy — — 118.3937 117.670
C,-Cs-Cy — — 120.8811 121.107
Cg-C,-H, — — 121.4854 120.925
C,-Cy-H, — — 119.7205 119.636

Note: The atom labelling follows standard notation used in our previous
work on H,Pc.®
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low frequencies were found. These results indicate that the
planar geometry is the most stable in all 4 cases.

In the present H/D isotope substitution study, we focus on
the vibrations involving N-H motion of which there are 3
types. As indicated in Table 1, the N-H stretching (STR)
modes are the a, and b;, symmetries corresponding to the
Raman-active symmetric and IR-active asymmetric vibrations,
respectively. The N-H in-plane bending (IPB) modes are of
b, and b,, symmetry, arising from the in-phase and out-of-
phase bending motions, which are Raman-active and IR-
active, respectively. The N-H out-of-plane bending (OPB)
modes are of b,, and b;,, symmetry, the Raman-active in-phase
and IR-active out-of-phase modes, respectively. The behav-
iour of each of these 3 N-H modes will now be analysed on
the basis of the 6 possible symmetries that they possess.

From the summary of the group theory results presented in
Table 1, one might expect that the H/D isotope dependence of
the N-H OPB motion would be the easiest to follow. For
instance, in H,TAP the OPB mode is 1 of only 8 (b,,) normal
modes, while the N-H stretch should be the most difficult,
being 1 of 17 (a,) modes. In H,TBP, this stretching mode is 1
of 31 modes. However, as we have found experimentally for
H,Pc, identifying the OP bending in H/D substitution is far
from obvious when the frequency of some modes increase in
D,Pc!® The contrasting behaviour of these modes arises, as
will be elaborated later, for two reasons. The first is that the
N-H stretch modes occur at high frequencies, energetically
distinct from all other modes except for the C-H stretching
modes, while the IPB and OPB modes occur in congested
regions where multiple mode crossings occur. The second
reason is that the internal N—H stretching modes are very well
localized on the N-H bonds. In contrast, avoided crossings
occur in the IP and OP bending motions, rendering mode
attributions in the deuterium isotopologue difficult.

N-H stretching (a, and b,,) modes

The frequencies of the N-H stretching modes are shown in
Figs. 2 and 3 for the 4 free-base tetrapyrrole molecules stud-
ied, as a function of incrementally increasing the H-atom mass
from 1 to 2 amu. Taking porphine (H,P) as an example, shown
on the upper left in Fig. 2, the Raman-active (but weak) a,
N-H stretching mode crosses directly over three C-H stretch-
ing modes and continues to decrease monotonically from
3593.5 cm~! in H,P to 2638.3 cm™! in D,P. This corresponds
to a shift of 955.2 cm~! and a vy/vp (ISR) ratio of 1.362. This
is close to the expected value of approximately \/2 for H/D
isotopic substitution of a normal mode involving nearly pure
N-H motion.'® The solid curve in Fig. 2 shows the theoretical
mass dependence (1/A/my;) given by eq. [1]. It is evident that
the agreement between the DFT predicted data and this theo-
retical dependence is good.

The mass dependence of the (strong) IR-active b,, mode,
shown on the upper left in Fig. 3, exhibits a similar pattern
with the N-H stretch at 3552.3 cm™! in H,P, crossing over
three C-H stretches as the masses of the central hydrogens are
increased. The N-D mode has a frequency of 2611.9 cm™,
which gives a vy/vp ratio of 1.360. As illustrated in Fig. 3, this
pattern is observed for the 3 other molecules studied. H,TAP
is the simplest system having the least amount of C-H modes,
just 2 in number. In contrast, the tetra-aryl molecules, H,TBP
and H,Pc, have numerous C-H modes. However in all cases,
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Fig. 2. Dependence of the vibrational frequencies of the Raman-
active N-H stretch (a, symmetry) normal modes of the 4 (D))
free-base tetrapyrrole molecules with H/D isotope substitution of
the two inner hydrogens. The values shown are harmonic results
calculated by increasing the H mass from 1 to 2 in increments of
0.05 amu. The solid trace provides the predicted inverse
dependence of the frequency on the square root of the mass,
indicating close agreement with the calculated values. The
frequencies of the C-H stretching modes are completely unaffected
by the H/D isotope substitution of the two inner hydrogens.

a,, N-H stretching modes
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direct crossings of the normal modes occur indicating the
absence of coupling between N-H(D) stretching modes and
C-H stretching modes.

The frequencies of the N-H stretching modes of H,P,
H,TAP, H,TBP, and H,Pc are collected in the upper section of
Table 3 for the light and heavy isotopologues. The ISR (vy/vp)
values calculated from these frequencies are listed for the two
(a, and by,) symmetries involved. From the values provided in
Table 3, it is clear that the ISR values span a small range, from
1.364 for the a, mode of phthalocyanine (Pc) to 1.360 for the
b,, mode of porphine (P). It is evident that for both symme-
tries, presented in Figs. 2 and 3, respectively, the N-H stretch-
ing mode passes directly through the C-H stretching modes in
all four molecules without any interaction amongst these high-
frequency modes. An examination of the C-H stretching
modes reveals that the changes in their frequencies, after being
crossed by the N-H modes, are extremely small. In all cases,
except TBP where it is 0.04 cm~!, these changes are in the
third decimal place. With this small magnitude, these shifts are
less than the uncertainty of the method and are not considered
significant.

An analysis of the internal modes reveals the small devia-
tion of the calculated ISR values (1.36) from /2 arises from
the involvement of the pyrrole ring deformation that accom-

Can. J. Chem. Vol. 90, 2012

Fig. 3. Similar to Fig. 2 except for the IR-active b,, symmetry
normal modes.
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panies the N—H stretching motion for kinematic reasons. No
other internal motions are involved in these nearly pure NH(D)
stretching modes. See the upper panels of Tables 4 and 5 for
details of the % internal N-H motions of these modes in the
smaller tetrapyrroles, TAP and porphine, respectively.

OPB (b;, and b,,) modes

b;, N-H bending modes

The mass dependences of the b;, OPB modes of P, TAP,
TBP, and Pc are shown in the 4 panels of Fig. 4. In the
frequency range 800550 cm~! presented in these plots, all 4
molecules show the same number of normal modes, and the
mass dependence is clearly not simple in any of them.!” Most
conspicuous is the pronounced avoided crossing that occurs
between two modes in the central section of the P and TAP
plots. In both cases a normal mode that starts out strongly mass
dependent, and is an N-H OPB motion, becomes mass inde-
pendent and evolves into a mode that involves large amplitude
C-H OPBs. This is clearly not a correct mode attribution of the
light to the heavy isotopologues. To help analyse the complex
behaviour exhibited, the theoretical mass dependence given by
eq. [1] is overlaid as a solid trace in Fig. 4. This curve, in
contrast with the previous ones generated for the a, and b,
modes, was calculated from the lowest frequency D, mode,
because the N-H OPB motion is manifested more strongly in
the heavier isotopologues of these molecules than in the lighter
ones (corresponding to a less congested spectral region for b3,
modes). The internal mode analysis provided in Table 4 for
TAP shows the contribution in D,TAP as 72%, while it is only
53% in H,TAP. Table 5 reveals a similar pattern for the b,
mode of porphine.
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Table 3. H/D isotope shifts for the 6 internal N-H modes of the 4 tetrapyrrole molecules studied.
Motion Molecule Vi, Vp, Shift Vu/Vp Vi, Vp, Shift vu/vp
N-H stretch b, a,
P 3552.34 2611.88 940.46 1.3601 3593.47 2638.31 955.16 1.3620
TAP 3565.39 2621.13 944.25 1.3602 3629.13 2661.83 967.30 1.3634
TBP 3546.71 2606.78 939.93 1.3606 3583.25 2630.36 952.89 1.3623
Pc 3569.08 2621.36 947.73 1.3615 3625.17 2657.21 967.96 1.3643
N-H OP Bend b b,,
P 739.89 541.8 198.09 1.3656 631.22 473.78 157.44 1.3323
651.38 657.91 —6.53 0.9901 NC NC
TAP 760.83 547.66 213.17 1.3892 641.4 479.74 161.66 1.3370
656.65 664.47 -7.82 0.9882 NC NC
TBP 766.76 560.41 206.35 1.3682 711.65 520.08 191.57 1.3683
713.22 720.33 -7.11 0.9901 689.24 695.66 -6.42 0.9908
684.58 684.84 -0.26 0.9996 637.72 638.56 -0.84 0.9987
Pc 778.36 566.31 212.05 1.3744 680.33 495.23 185.1 1.3738
740.49 746.78 -6.29 0.9916 657.47 659.1 -1.63 0.9975
704.03 704.28 -0.25 0.9996 505.86 511.42 -5.56 0.9891
N-H IP Bend b, bs,
P 1003.52 882.82 120.7 1.1367 1264.1 1184.6 79.5 1.0671
967.16 967.43 -0.27 0.9997 1213.11 1214.33 -1.22 0.9990
TAP 970.33 851.43 118.9 1.1396 1250.89 1240.82 10.07 1.008*
957.24 957.49 -0.25 0.9997 1216.82 1202.66 14.16 1.012*
TBP 1067.7 989.03 78.67 1.0795 1253.59 1181.6 71.99 1.0609
1038.52 1038.81 -0.29 0.9997 1217.56 1218.7 -1.14 0.9991
Pc 1068.39 981.15 87.24 1.0889 1223.56 1191.4 32.16 1.0270
1029.31 1029.37 -0.06 0.9999 1211.42 1211.42 0 1.0000

Note: All frequencies are unscaled DFT results given in cm~'. The isotope shift ratios (ISR) are calculated as vH/vD, i.e., the hydrogen frequency
divided by the deuterium value. ISR values significantly less than one are highlighted as they are indicative of strongly avoided crossings.
*No curve crossings occur between these two modes in TAP. The values chosen for inclusion were selected on the basis of the similarities of their motion with

the three other tetrapyrrole molecules.

From the match shown for P in the upper left panel of Fig. 4,
between the calculated data and the simple 1/\/my mass-
dependence, it is clear that the frequency of the “pure” N-H
OP mode decreases from 739.9 cm™! in H,P to 541.8 cm™! in
D,P. The resulting vy/vpratio is 1.366, quite close to the
expected value of \/2. This mode crosses a pure C-H OPB
with a frequency of 709.5 cm~!, which is H-atom mass-
independent and is thereby not affected by the N-H isotopic
substitution. In contrast, it produces an avoided crossing with
another C-H OPB mode, which has an initial value of
651.4 cm™! in H,P but increases to 657.9 cm~! in D,P. A clear
consequence of the avoided crossing is that this mode shifts up
in frequency by 6.53 cm™! and produces an ISR value (vy/vp
ratio) considerably less than unity — the value is 0.9901. As
indicted in Table 3, similar behaviour is exhibited by this
mode in all 4 molecules. The most extreme situation is found
for TAP, which has an ISR value of 0.9882.

Figure 5 shows a vector diagram for the atomic motions
involved in the modes of TAP that exhibits the most pro-
nounced reversed ISR effect. From the motions presented, the
association of the 760.8 cm~! mode with the 547.7 cm~! mode
is unquestionable. Thus as illustrated, the vector diagrams for
the N-H OPB motions of H,TAP and D,TAP are indistin-
guishable for these two frequencies. However, a consequence
of these mode assignments is that the mode at 656.7 cm~! must
be correlated with that at 664.5 cm~!, an upward shift of
7.82 cm~! in D,TAP. This correlation is supported by the very

similar C-H OPB motions illustrated for both isotopologues on
the bottom of Fig. 5. However, on closer scrutiny of these two
diagrams it can be seen that the direction of the N-H bending
motion with respect to the molecule is reversed in the N-D
mode. This change in the motion of the light and heavy
isotopologues is found to be a characteristic of all the modes
exhibiting the large reverse ISR, which involve strongly
avoided mode crossings.

Reverse ISRs are observed to be larger in cases with more
pronounced avoided crossings, i.e., with stronger coupling, W,
between the modes. The reversal of the directions of the
H-atom motions in the light and heavy species can be seen as
a direct consequence of perturbation theory in first order. In
the simplified case of two coupled modes, one mode, vy,
involving large H motion and the other, vy, involving little H
motion as is the case for when the H—D progression is very
flat except in the region of the crossing, the result of pertur-
bation theory will give new modes v’y with [v'y) = lvy) +
WIE,~ — E.)lvy)- The reason for the reversed directions can
be understood as follows. Since the sign of the matrix element
W (= (vylWlvy)) does not change from H to D, but it does
change for the energy term, i.e., (E,ny — E,p) < O for H,
whereas (E, — E, ) > 0 for D, this means that the motion of
H(Imyy)) appears with opposite signs in the description of lvy)
in the hydrogenated and the deuterated species, i.e., reversal of
directions. This “reversal” is larger and more obvious when
the coupling W strength is greater.
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Table 4. Contributions of the N-H internal modes to the normal modes involving crossings, or avoided crossings of TAP.

H,TAP

D,TAP

ISR
Sym. Mode# Frequency % Int. Mode Mode# Frequency % Int. Mode vH/vD
a
¢ 96 3629.13 68% N-H stretch 88 2661.83 61.6% N-D stretch 1.3634
b]u
95 3565.38 68% N-H stretch 87 2621.13 62.4% N-D stretch 1.3602
b,
¢ 23 641.4 54.8% N-H OPB 22 479.73 68.4% N-D OPB 1.3370
bJ’u
36 760.82 52.8% N-H OPB 24 547.66 72% N-D OPB 1.3892
24 656.65 22.4% N-H OPB 25 664.46 7.6% N-D OPB 0.9882
b2u
67 1266.18 21.2% N-H IPB 66 1242.04 7.6% N-D IPB 1.0194
63 1198.73 18.8% N-H IPB 62 1116.18 18% N-D IPB 1.0740
52 970.32 19.2% N-H IPB 46 851.42 24% N-D IPB 1.1396
51 957.23 4% N-H IPB 52 957.49 0% N-D IPB 0.9997
38 776.51 10.8% N-H IPB 33 726.39 23.2% N-D IPB 1.0690
33 748.85 2% N-H IPB 36 754.00 9.6% N-D IPB 0.9932
by
¢ 62 1164.35 20.4% N-H IPB 61 1108.93 17.2% N-D IPB 1.0500
65 1250.89 15.6% N-H IPB 65 1240.82 6% N-D IPB 1.0081
64 1216.82 11.2% N-H IPB 65 1202.66 4.8% N-D IPB 1.0118
49 950.62 26.4% N-H IPB 45 849.92 16.8% N-D IPB 1.1185
39 778.95 14% N-H IPB 29 711.09 30% N-D IPB 1.0954

Note: Avoided crossings are easily identified when the ISR values are less than 1. Instances with particularly strong coupling, producing large avoided

crossings, are highlighted in boldface.

Table 5. Contributions of the N-H internal modes to the normal modes involving crossings, or avoided crossings of porphine.

H,P D,P ISR
Sym Mode Frequency % Int. Mode Mode Frequency % Int. Mode vH/vD
a,
’ 108 3593.47 77.8% N-H stretch 96 2638.31 61.2% N-D stretch 1.3620
blu
107 3552.34 77.8% N-H stretch 95 2611.88 61.4% N-D stretch 1.3601
b,,
’ 23 631.22 50.8% N-H OPB 22 473.78 65.2% N-D OPB 1.3323
b3u
35 739.89 32% N-H OPB 24 541.81 70.4% N-D OPB 1.3656
24 651.38 21.2% N-H OPB 25 657.91 8.4% N-D OPB 0.9901
b2u
71 1260.59 26% N-H IPB 65 1120.28 16.4% N-D IPB 1.1252
67 1179.31 7.6% N-H IPB 69 1195.31 8% N-D IPB 0.9866
57 1003.52 14.8% N-H IPB 50 882.81 27.2% N-D IPB 1.1367
53 967.16 1.6% N-H IPB 55 967.44 0% N-D IPB 0.9997
41 796.36 8% N-H IPB 38 759.71 18% N-D IPB 1.0482
bs,
’ 72 1264.10 26.4% N-H IPB 68 1184.59 10.8% N-D IPB 1.0671
69 1213.11 4% N-H IPB 72 1214.33 0% N-D IPB 0.9990
56 992.92 16.8% N-H IPB 49 881.53 20.0% N-D IPB 1.1264
43 800.34 8.8% N-H IPB 36 752.31 24.4% N-D IPB 1.0638

Note: Avoided crossings are identified by ISR < 1.

b,, N-H bending modes

The H/D isotope dependences of the Raman-active b,,
N-H OPB modes of porphine and TAP are, as shown in the
upper panels of Fig. 6, relatively straightforward, exhibiting
a continuous mode evolution from the light to the heavy

isotopologue. As indicated in Table 3, they exhibit an ISR of
1.33 and follow the simple mass dependence shown by the
smooth curve in Fig. 6. In contrast, TBP and Pc are both
complicated by the existence of an additional mode that is
crossed by the N-H b,, OPB mode at different locations.
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Fig. 4. Mass dependence of the IR-active b;, symmetry normal
modes for the OPB vibrations. In contrast to the high frequency
modes, strong coupling occurs between the N-H OPB modes and
especially the C-H OPB modes. This is indicated by the large
avoided crossing that is clearly evident in the top two panels where
P and TAP results are shown. A strong correlation exists between
the N-H OPB modes of the light and heavy isotopologues, as
indicated by the theoretical mass dependence of the frequency.
However, the frequency of the C-H OPB mode “crossed” by the
N-H mode increases in the deuterated molecule, leading to
reversed isotope shift ratios (ISR < 1).
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Again, the mass dependence curve is very instructive in iden-
tifying the correct mode evolution. As listed in Table 3, the
711.7 cm™! mode of H,TBP correlates with the 520.1 cm™!
mode of D, TBP, giving an ISR value of 1.368; a similar value
is present for phthalocyanine. However, the curve avoidance
that is now present produces ISR values significantly less than
1 in both cases for the modes crossed. Table 3 lists these as
0.991 and 0.989 for TBP and Pc, respectively.

IPB (b,, and b;,) modes

Summaries of the isotope dependences of the b,, and b3,
N-H IPB modes are provided in Figs. 7 and 8, respectively.
The mass dependences of these modes are evidently not sim-
ple but are quite similar for all 4 molecules. It is clear that
these IPB modes do not show a mass dependence that is as
strong as (my"/2), shown by the smooth line. Instead, several
modes appear to have a weak, near-linear dependence on
mass. The slope of the (my~'/?) law is never approached,
whatever the isotopologue. This effect is due to an extreme
dilution of NH IP motions in many modes of the same sym-
metry. Modes exhibiting the highest absolute slope at my = 1

1085

or 2 correspond in fact to the modes involving the highest %
of NH or ND IP motion, respectively. This is verified in
Tables 4 and 5, where the b,, and b;, modes exhibiting the
highest % are reported for TAP and P, respectively.

b,, N-H bending modes

Some mode crossings do occur for the b,, N-H IPB motion,
and because of the similarity of the behaviour in the mid-
frequency region for all 4 molecules, the modes in the 850—
1070 cm™! range have been chosen for inclusion in Table 3.

The IR-active b,, modes of porphine and TAP are quite
similar, showing a diluted effect upon isotopic substitution of
the inner hydrogens. As listed in Table 3, the mode at
1003.5 cm™! in H,P, involving an N-H IPB, drops down to
882.8 cm™! in D,P. This shift corresponds to a vy/vy, ratio of
only 1.137, a value much less than 4/2. This mode shows a
weak avoided crossing with the one at 967.2 cm™!, a pyrrole
ring stretching mode. This avoided crossing has the effect of
increasing the frequency of the pyrrole ring stretching mode in
D,P by a small amount to 967.4 cm~! and generating a vy /vy
ratio of 0.9997. While the 0.27 cm~! shift in frequency for
the pyrrole mode is small, similar values are exhibited by all the
tetrapyrroles, except Pc where it is yet smaller, 0.06 cm~!. The
significance of these ISR values is hard to ascertain because
while they are consistently less than 1, they are very close to
it. It is worth noting however that for the pure C-H stretching
a, and b;, modes crossed over by the N-H(D) mode (see
Figs. 2 and 3), the ISR values are much closer to 1. In the
present IPB b,, mode, vector diagrams indicate that there is
some N-H character in the pyrrole ring stretch, so the small
ISR values are deemed significant.

While not included in the global ISR summary provided in
Table 3, it is evident in Fig. 7 that mode crossings do occur in
the lower frequency range, but the crossing regions vary from
molecule to molecule. Thus direct crossings are exhibited by P
and Pc, while avoided crossings are present in TAP and TBP.
Information on the avoided crossing in the former is provided
in Table 4, where the 776.5 cm~! mode of H,TAP decreases to
726.4 cm~! for D,TAP with a small ISR value of 1.069.
However, this then produces a frequency increase in the in-
teracting mode at 748.9 cm~! that moves up to 754.0 cm! in
D,TAP and has an ISR significantly less than 1, with a value
of 0.9932. Porphine does not exhibit this behaviour, so a
corresponding value is not given in Table 5.

In the higher frequency region, only P and TBP exhibit
avoided crossings and detailed information on the behaviour
of porphine is presented in Table 5. It is evident there that a
reverse ISR is present with an upward frequency shift of
16 cm™!, producing an ISR value of 0.9866. Thus the highest
frequency N-H IPB mode at 1260.6 cm™! correlates with the
1120.3 cm™! mode of D,P, yielding a diminished ISR of 1.125.
A consequence of this attribution is that the H,P mode at
1179.3 cm~! must be associated with the 1195.3 cm~! mode of
D,P. An upward shift of 108 cm~! was previously highlighted
by Li et al. for a b,, symmetry asymmetric deformation,
3,s(NH), mode.® However, this earlier correlation involved
modes at 986 and 1094 cm~!, which do not correspond to the
present ones at 1179 and 1195 cm™'.
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Fig. 5. Vector diagrams showing the very similar atomic motions involved in the pure N-H OPB motion of TAP for the hydrogenated and
deuterated molecules, top left and right, respectively. In the bottom, the motions in the C-H mode involved in the avoided crossing with
the N-H OPB are shown. The 656/664 cm~! mode correlations of the two istopomers are clearly correct. However, on closer scrutiny it is
evident that the direction of the small N-H motion, which this mode possesses, is reversed in the H and D molecules. This behavior is

exhibited in all the modes involved in the avoided crossings.

H,TAP b,,, OPB modes

D,TAP

b;, IPB N-H modes

The Raman-active b;, modes presented in Fig. 8 exhibit
similar behaviour to the IR-active b,, modes, but the mass
dependence is even more diluted. This dilution effect is ex-
treme in the case of the larger molecules TBP and Pc, where
every mode, except one at 1140 cm™!, shows a slight mass
dependence. As a result, most of the modes are parallel, which
mitigates against curve crossings. In contrast, the behaviour in
P and TAP is more well-defined with two modes at around 810
and 1020 cm™!, clearly mass independent, while the remainder
all show some mass dependence.

Taking porphine as an example, the most “pure” N-H IPB
mode (listed in Table 5 as 26.4%) has a frequency of
1264.1 cm™!, a value that decreases to 1184.6 cm™! as the mass
is increased from 1 to 2 amu. As quoted in Table 3, this
correlation produces a vy/vp ratio of 1.067, and the aforemen-
tioned mode exhibits an avoided crossing with the one at
1213.1 cm™! involving C-H IPBs. It thereby generates a small
increase in the frequency in the heavy isotopologue. This
increase is listed in Table 3 as 1.22 cm™!, and when compared
with TBP, consistent ISR values of 0.999 are obtained. No
curve crossings occur between these two modes in TAP. The
TAP values chosen for inclusion in Table 3 were selected on
the basis of the similarities of their motion with the 3 other
tetrapyrrole molecules.

Discussion

To examine the occurrence of the reversed ISRs, the so-
called product rule presented by Wilson et al. on isotope shifts
in high-symmetry molecules will now be considered.® The
general form of the product rule for isotopic substitution is

given (Ref. 9, p. 248) as:
()
“\MJ\IL 1) \I

Equation [2] pertains to all the vibrational frequencies
w,w,. . .0, of a single symmetry species for the light molecule,
while w)w)...w, are the corresponding values of the heavy
isotopologue. In eq. [2] the exponents g, b,. . . relate to the atoms
being substituted, while the values of #, r,, Iy and r, are the
translation and rotation representations, respectively. w, M, and 1
are the reduced mass, the total molecular mass, and the moments
of inertia, respectively. Appendix A presents the equations spe-
cific to the 6 vibrational modes sensitive to H/D substitution of
the two inner H-atoms for D,;, symmetry. A comparison of the
numerical values arising from the DFT calculations done on
H,TAP/D,TAP with the theoretical values predicted by the spe-
cific equations in Appendix A is provided in Table 6.

a

’
Hp
Mg

’
He

W, W,.. 0, Mg

w'a)' a)'
e n:[
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Fig. 6. Similar to Fig. 4 except for the Raman-active b,, symmetry
N-H OPB modes. Particularly simple behaviour is exhibited in the
smaller molecules P and TAP, as indicated by the close agreement
with the solid curve showing the theoretical mass dependence.

b,,, OP bending modes
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As indicated by the values given in Table 6, the product rule
unfortunately does not reveal the reversed ISR effect very
clearly. However, the deviations between the calculated DFT
values and those predicted by eq. [2] are largest for the IPB
and OPB modes. These deviations, shown on the right-hand
column in Table 6, are greater than the N-H stretch (STR)
modes and the two modes where no H/D dependence is
(correctly) predicted. The reason for this inability to highlight
the reversed ISR is because eq. [2] involves all the modes of
the same symmetry. This means that the normal modes with
avoided crossings (reversed ISRs) are “compensated” by other
regular modes. Despite this shortcoming, the product rule
indicates the accuracy of the DFT results, as the deviations
between calculation and theory are very small indeed.

Comparison with other calculations

In the detailed theoretical study carried out by Li and
Zgierski on developing a force field for free-base porphine,
upward frequency shifts were proposed for the b,, and b,, IPB
modes upon deuteration.® However, the previous study dealt
only with the in-plane vibrations, namely the N-H stretching
and IPB modes. Because of the use of a different axis system
(see Note 11) in the current and previous works, b;, symmetry
of Li et al.® corresponds to our b3, mode, while the b,, modes
are the same in both studies. In Scheme I of Ref. 8, these
workers proposed a large increase in the frequency of two
modes upon H/D isotopic substitution, both of which involved
IPB. Specifically, they proposed that the b;, N-H IPB mode
crosses with the a pyrrole half-ring stretch mode, which had

1087

Fig. 7. Mass dependence of the IR-active b,, symmetry for the
N-H IPB modes. Particularly evident is the large number of modes
and the fact that they nearly all show a dependence on mass. This
reveals immediately that the N-H bending vibration is diluted over
many modes, none of which can show the expected mass
dependence of a pure mode indicated by the smooth curve.
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the effect of shifting the frequency of the pyrrole mode up by
56 cm!, from 976 cm! in H,P to 1032 co! in D,P. The other
mode that showed this effect was a b,,, mode, in which the asym-
metric N-H IPB vibrations and the pyrrole ring stretch cross. This
caused the pyrrole stretch to shift up in energy by 108 cm™!, from
986 cmi ! to 1094 cm!. It is not evident why the OPB modes
were not analysed for this effect in the earlier study; it may have
been due to their interest in the role of the N-H stretch and IPB
vibrations in the tautomerism of free-base porphine.?

As indicated in the upper left panels in Figs. 7 and 8, reverse
isotope shifts of this magnitude are not exhibited by porphine
in the b3, and b,, IPB modes, respectively. Evidently there are
significant differences between Li’s results® and the findings
of the present DFT method. The earlier work identified only
two instances of this increased frequency, both of which are
much larger than what we find. These differences may arise for
a number of reasons. Their calculations were carried out with
the GF matrix method and a valence force field. While their
method was paramaterised to give a good match with exper-
imental data, it is likely the valence force field is not capable
of accounting for all the interactions present in molecules of
this size. Complete sets of force constants are of course available
from quantum chemical calculations, and the use of high level
DFT calculations are currently the most powerful for predicting
the ground-state vibrational frequencies of large polyatomic mol-
ecules. Based on the favourable findings of our previous DFT
results on ZnPc and H,Pc and the matrix-IR spectra® of these
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Fig. 8. Similar to Fig. 7 except for the Raman-active b,
symmetry N—H IPB modes.
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molecules, we are confident that the present results are a more
accurate reflection of the extent of the up-shifted frequencies.

Li et al. identified the NH(D) IPB b,, modes at 1223 (825) cm™',
corresponding to 1261 (883) cm~! in our calculations.® These
modes exhibit, as listed in Table 5, the highest % of NH(D)
IPB motion. A mode which also involves non-negligible NH
bending motions was identified at 986 cm~' (v,,,) in the
previous work and corresponds to the mode at 1003 cm~' in
the present work (14.8% N-H IPB in Table 5). This mode is
found to correlate with the mode at 883 cm~! in the deuterated
species, i.e., the mode involving the highest % N-D IPB
motion. In the discussed case, the entries in Table 5 show that
modes at 1261 and 1003 cm™' in the H species correlate with
modes at 1120 and 883 cm™!, with a decrease of the N-“H” IPB
% in the higher frequency mode and an increase of the N-“H”
IPB % in the lower frequency one, explaining the earlier result. It
must be mentioned that the b,,, mode at 1094 cm~! highlighted by
Li et al.8 in the correlations for the D species, corresponds to a
mode at 1076 cm™! in our calculation; this mode does not involve
N-D IPB motion. The discrepancies between the earlier results
from Li et al. and the present results on b3, modes of porphine are
similarly explained. The curves of Fig. 7 and 8 show clearly the
correlations between H and D species and are summarized in
Table 5. Because of a strong mixing of various atomic motions in
the b;, and b,, modes for the frequency range of interest, a
slightly different description of normal modes can have important
consequences in their assignments, as highlighted by the example
in this last discussion.

Comparison with experiments
The results of the current calculations can be compared with
experimental isotope substitution work, but because the mass-
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related shifts are quite small in the congested 1500-500 cm™!
spectral range, high-resolution methods yielding narrow line
transitions are required for analysis. The matrix-isolation tech-
nique is particularly well suited for this work. Currently how-
ever, only a very limited number of tetrapyrroles have been
examined in this way. One system that has been examined
already is our recent work on the phthalocyanines, from which
the current investigation has emerged.® The other is the earlier
study of Radziszewski et al., who used matrix-IR spectroscopy
to look at deuteration effects in free-base porphine.'® To
compare the present theoretical results on porphine with the
experimental matrix work,'® the simulated DFT IR absorption
spectra of H,P and D,P are shown scaled by a factor of 0.98
in Fig. 9 on the same spectral range as shown in Fig. 12 of the
Radziszewski et al.!® paper. The agreement between the two
studies is very good, which testifies to the strength of the current
method in predicting not only the IR absorption frequencies of the
tetrapyrroles but also their intensities.

In agreement with Radziszewski et al.'8, the mode of H,P,
which was observed at 731 cm™! and attributed to OPB, is
predicted at 739.9 cm™! (scaled by 0.98, 725.1 cm™!) in the
present calculations. However, their comment that this motion
will be distributed over several fundamental modes of D,P is
not borne out by our calculations. As Fig. 10 shows (and listed
in Table 3), the N-D OPB mode is well defined and is located
at 541.8 cm™! (scaled by 0.98, 530.9 cm™') in a sparse region
of the IR spectrum. Moreover, it is actually much stronger than
the corresponding H,P OPB, so it should be easily identified.
While Radziszewski et al. did not present any spectra for this
lower frequency region in this early work!®, they did show a
strong band around 540 cm~! in Fig. 1 for D,P in a more recent
work.2? Confusingly, this band is not listed under the D,P (d,)
column in their Table 1 of Ref. 20, but instead a strong band
at 540 cm! is listed for H,P in the (d,) column. From the
actual H,P (d,) and D,P (d,) spectra shown in Fig. 1 of Ref.
20, we conclude that the 540 cm™! band is the OPB of D,P.
Contrary to the expectation of Radziszewski et al.,'8 the fre-
quency of this mode is indicative of an ISR value of a “pure”
N-H vibration. This result is entirely consistent with the
results of the current DFT calculations. Clearly, it is not a
diluted motion, distributed over many bands as Radziszewski
et al. stated in their 1989 paper.'®

The reason this OPB vibration is not diluted over several
modes is evident in Fig. 4. As indicated in that plot, its mass
dependence is limited to just two modes, both of which exhibit
the inverse dependence on the root of mass. This simple
behaviour is entirely attributable to the small number (10) of
b;, symmetry modes listed in Table 1 for the OPB of free-base
porphine. Essentially identical behaviour is predicted for TAP,
while Fig. 4 predicts the OPB will only be slightly more
complex in H,TBP and H,Pc because of the crossing of a
single, lower frequency mode.

A key aspect of the current work is the upward shift in the
frequencies of specific modes (highlighted in Table 3) in the
heavier isotopologue upon H/D substitution. As indicated in
that table, the most pronounced instance of this effect in
free-base porphine is expected in the OPB mode, where the
651.4 cm~! mode shifts up to 657.9 cm~!. This region is
highlighted in Fig. 10 on an expanded intensity scale. This
region was presented in the more recent paper by Radziszewski
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Table 6. A comparison of the numerical values arising from the DFT calculations done on the normal modes of H,TAP/D,TAP with the
theoretical values predicted by the product rule for isotope shifts as given by eq. [2].

Symmetry D,TAP H,TAP DFT Freq.Ratios Product rule

(No.) Desc. ®,. . .0, ;.. .0, w0 .. .0, (eq- [2]D) A=

a, (17) STR 1.06216E+52 1.50154E+52 0.707378629 0.707378522 1.07126E-07
b, (7) No H/D dep 4.89979E+18 4.89978E+18 1.000000804 1 8.03673E-07
b,, (8) OPB 1.59631E+21 2.25506E+21 0.707879423 0.707760485 0.000118938
bs, (16) IPB 9.26087E+47 1.30883E+48 0.707570706 0.707557622 1.30842E-05
a, (7) No H/D dep 5.81598E+18 5.81597E+18 1.000001708 1 1.70809E-06
b,, (16) STR 1.38722E+49 1.95482E+49 0.709641213 0.709641106 1.06391E-07
b,, (16) IBP 5.74105E+48 8.09008E+48 0.70964135 0.709641106 2.43709E-07
b;, (9) OPB 5.8226E+22 8.20495E+22 0.709644992 0.709641106 3.88552E-06

Note: All the normal modes are given even those (b;, and a, symmetries) where no isotope (H/D) dependence is expected upon substitution of the two

inner H-atoms (see Table 1).

Fig. 9. Low-resolution (fwhm = 4 cm!) plots of the IR
absorption spectra generated by the DFT/B3LYP method for the
vibrational modes of H,P and D,P. The spectral range and format
has been selected for direct comparison with the matrix-IR
absorption data published by Radziszewski et al.'® As indicated,
the predicted values are scaled by a factor of 0.98 throughout.
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et al. but was not analysed or discussed in the text of the article.?”
In any case, the ISR effect will not be immediately evident in the
recorded spectra, because while the D,P mode at 657.9 cm™! has
significant intensity (4.3 km/mol), that of the related H,P mode at
651.34 cmlis very weak (0.08 km/mol). In the experimental
spectrum of the heavier isotope, this ISR effect will present an
“unknown” peak in the spectrum not easily connected with H,P.
However, using the matrix-isolation technique, which has high
sensitivity, it should be possible to observe the ISR effect in
porphine as already done in phthalocyanine.®

Future work on the reverse ISR effect

While the reverse ISR effect will not be immediately evi-
dent in porphine, the situation is much more favourable for its
identification in TAP. Figure 11 presents the low-frequency
spectral region of interest. Once again the OPB of this mole-

Fig. 10. High-resolution (fwhm = 0.2 cm™!) plots of the IR
absorption spectra generated by the DFT/B3LYP method for H,P
and D,P. The spectral range presented is the region where the
large isotope shift on the OPB is predicted. This range was
presented in the latest matrix-IR absorption data published by
Radziszewski et al.2%, but the band at 540 cm™! in the D,P
spectrum was not attributed to the OPB mode of D,P.
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cule shows the expected mass dependence of the N-H OPBs,
as indicated by the labelled arrows. Fortuitously, in this case
the intensities of the reversed ISR (0.988) modes are of com-
parable magnitude in the two isotopologues. These two bands
are shown with expanded intensities in the centre of Fig. 11.
On the basis of the present DFT calculations, TAP is the
system of choice for a matrix-isolation study of this reverse
ISR effect, because it produces the largest effect, the H,TAP
and D,TAP modes are equally strong and they occur in a
sparse region of the IR spectrum. To the best of our knowledge
this study has not yet been attempted.

Conclusions

The results of the present DFT calculations of H/D substitution
on the free-base tetrapyrroles can be summarized as follows. The
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Fig. 11. High-resolution (fwhm = 0.2 cm™!) plots of the IR
absorption spectra generated by the DFT/B3LYP method for
H,TAP and D,TAP. The spectra range and format has been
selected for examination of the region where the large isotope shift
on the OPB mode is predicted to occur.
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high-frequency, N—H bond stretching modes are well localized
and direct crossings occur with the C-H stretching modes. As
these internal modes involve very different motions that are
localized on specific bonds, no intermode coupling occurs, yield-
ing the expected values for the isotope shift ratios.

The lower-frequency N—-H OPB motions are not distributed
over several normal modes principally because the b,, and b3,
modes are not numerous. As a result, these modes involve
well-defined OPB motions in both the N-H and the N-D
bonds. For the smaller tetrapyrroles (P and TAP) no crossings
occur for the b,, symmetry Raman-active modes. In the larger
molecules, crossings occur but the b,, modes of Pc and TBP
still involve localized N—H motions, as illustrated by the similar-
ity with the simple mass-dependence curves. Due to a single
mode crossing that occurs in both Pc and TBP, frequency in-
creases do occur in the heavier isotopologue, but because of the
involvement of only two modes, instances of reversed ISR can be
easily identified in the mass-dependent calculations.

The IR-active b3, OPB modes are slightly more numerous
than their b,, Raman counterparts and exhibit more complex
behaviour. For all 4 molecules, the N-H OPB mode is crossed
by two modes. Clear differences exist between the crossings of
these two modes. One is not (or is only very weakly) coupled
with the N-H OP bend and passes directly through, while the
other mode is strongly coupled and produces a large avoided
crossing. A consequence of the strong coupling in the latter
case is that the frequency in the heavier isotopologue increases
significantly yielding reversed ISR values.

More complicated behaviour is observed for the N-H IPB
modes than the OPB modes just described because of the larger
number of modes with b,, and b;, symmetries. As a result, the
N-H motions are dispersed over many normal modes. Accord-
ingly, the decrease in the NH frequencies is much less than the
my;~ /2 mass dependence due to the dilution of this motion over
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several modes. No normal mode can be identified as “the” NH or
ND IPB mode, since the percentages of NH(D) motion are
always below 30%. Another consequence of this is that most of
the modes are nearly parallel, which reduces the extent of modes
crossings. Crossings appear in a congested spectral region, where
a mode exists involving no NH(D) motion. This is the case in the
region 1000 cm~! in all molecules. In all instances, the crossing is
direct and the modes are clearly not strongly coupled. For the b3,
modes couplings occur for some molecules in the high-frequency
(1200 cm™) range but produce only weak avoided crossings. The
best examples of this are present in porphine and TBP. This
coupling does not occur in TAP and only weakly in Pc.

The b;, and b,, OPB modes provide the most clear-cut
examples of the effect of avoided crossings. Thus, some of
these modes have no effect on each other showing simple,
direct crossing without intermode coupling, whereas large
avoided crossings are observed in other cases, implying mode
frequencies in the same spectral range. Reverse ISR values are
obtained in these last cases of large avoided crossings, i.e.,
crossing between strongly coupled modes involving same
atomic motions. This leads to a mixture of these motions,
which depend very strongly on minor molecular effects such
as the mass of the H atom on the vibration. In all the situations
of reverse ISR effect, the vector diagrams of the atomic
motions reveal a reversal of the directions of the N-H and N-D
movements between the light and heavy isotopologue, ex-
plaining how ISR < 1 can arise.

Based on predictions made in the present work and the previ-
ously identified instance in which an ISR has already been ob-
served in matrix-IR spectra® of the phthalocyanines, it would
appear that TAP is the ideal system to make a definitive experi-
mental study of this effect through observation of OPB modes.
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Appendix A

The values of the numbers ¢, r,, r,, and r, in eq. [2] can be
read directly from the character table of the point group, while
the exponents a, b. . . must be determined by group theoretical
methods for the atoms concerned. For the D, molecule free-
base tetraazaporphine (H,TAP) H/D substitution will produce
the reducible representation (I';;) for the motion involving
ONLY the two inner H-atoms

ry=6 -2 00 0 0 2 2
which gives la,, 1b,,, 1bs,, 1b,,, 1b,,, and 1bs,,. Thus, the value for
exponent a is 1 in the case of H/D substitution for all six symmetries.
Moreover, as only H-atoms are being substituted, the reduced mass
term ' /u, in eq. [2] becomes my/mp,.

Substitution of these values in eq. [2] thereby provides the
following expressions for the isotopic shifts of the 6 modes
affected by substitution of the two inner hydrogen atoms.

a, [17]:
1N I4 ’ o
1712
W07 WgW7; (mH) ]
Wy 7. Wow7, | \Mp
bzg [8]:
I[N r o7 M 1 ID2 17172
W50y .3 W39 (@) v
H2
W5W13--W3rW35 mp) \Iy
bs, [16]:
PN AN M lID2 17172
Wy 3. W Weg (mH) X
H2
WyW13--W4Weg mp) \I
b,, [16]:
o wlwl w! M\ 1/ 2,D2\ 17172
14W23-WeeW71 [( H) (M ):|
H2
Wy W19--WeeW7 mp) \M
b,, [16]:
olw ..ol o ma\ 1/ 2,D2\ 17172
9W13--WeaWeg [( H) (M )]
H2
WyW13--W4Weg mp) \M
by, [9]:

05303 |:(”1H)'(MDZ)1:|”2
W1 W3-W)sW3y mp ) \M™
In these equations the mode numbering, ,, is that gener-
ated by the DFT calculation, which also provides the moments
of inertia for the two isotopologues. my and mp, are the atomic
masses of hydrogen and deuterium, respectively, while MP?
and M"? are the molecular masses of D,TAP and H,TAP,

respectively. The outcome of this analysis is compared with
DFT results in Table 6.
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