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The infrared absorption spectra of matrix-isolated zinc phthalocyanine (ZnPc) and free-base
phthalocyanine (H,Pc) have been recorded in the region from 400 to 4000 cm ™" in solid N», Ar,
Kr and Xe. Raman spectra have been recorded in doped KBr pellets. The isotopomers HDPc and
D,Pc have been synthesised in an attempt to resolve the conflicting assignments that currently
exist in the literature for the N-H bending modes in H,Pc spectra. A complete correlation
between the vibrational modes of the three free-base isotopomers and ZnPc has been achieved.
Comparison of the IR and Raman spectroscopic results, obtained with isotopic substitution and
with predictions from large basis set ab initio calculations, allows identification of the in-plane
(IP) and out-of-plane (OP) N-H bending modes. The largest IP isotope shift is observed in the IR
at 1046 cm™" and at 1026 cm™" in Raman spectra while the largest effect in the OP bending
modes is at 764 cm~'. OP bending modes are too weak to be observed in the experimental
Raman data. The antisymmetric N-H stretching mode is observed at ~3310 cm™" in low
temperature solids slightly blue shifted from, but entirely consistent with the literature KBr data.
With the exception of the N—H stretches, the recorded H/D isotope shifts in all the N-H
vibrations are complex, with the IP bending modes exhibiting small v/vp ratios (the largest value
is 1.089) while one of the observed OP modes has a ratio < 1. DFT results reveal that the small
ratios arise in particular from strong coupling of the N-H IP bending modes with IP stretching
modes of C—N bonds. The unexpected finding of a vy/vp ratio smaller than one was analysed
theoretically by examining the evolution of the frequencies of the free base by increasing the mass
from H to D in a continuous manner. A consequence of this frequency increase in the heavier
isotopomer is that the direction of the N-D OP bend is reversed from the N-H OP bend.

I. Introduction

Phthalocyanines (Pcs) are synthetic analogues of porphyrins in
which nitrogen atoms in the aromatic polyene ring connect the
four pyrrole groups instead of carbon. With an aryl group
attached to each pyrrole the building block of the Pcs is, as
shown in Fig. 1, the isoindole group. These very stable
molecules are mostly used as dyes,! but have found several
other applications as photoconductors,” as nonlinear optical
materials® and as photosensitisers in laser cancer therapy.*
Recently, with the use of only moderately intense laser excitation
we observed amplified emission (AE) of zinc (ZnPc) and free-
base phthalocyanine (H,Pc) isolated in rare gas and nitrogen
matrices.” Because this effect was observed in thin samples
(<100 pm) without the use of feedback optics, the Pcs are
revealed as systems with extremely high optical gain. The
mode exhibiting AE is a fluorescence transition from the
vibrationless level of the first excited electronic state S; to a
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Fig. 1 The structures of free-base and zinc phthalocyanine determined
by large basis [311+ +G(2d,2p)] set DFT geometry optimisation
using the B3LYP functional. Both structures were found to be planar
yielding molecular structures with D, and Dg4, symmetries for H,Pc
and ZnPc respectively. The atom labelling used in these calculations is
indicated while the geometric values determined are provided in Table
S1 of the ESL.¥

specific vibrationally excited level of the ground S, state. One
purpose of the present work is to provide correct assignments
for the ground state vibrational modes of H,Pc and ZnPc.
Indeed a complete vibrational analysis, involving comparison
with narrow line experimental data, has not yet been made
for these important molecules. In the present contribution we
use matrix-IR absorption spectroscopy, isotope substitution,
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Raman spectroscopy and high-level DFT calculations to conduct
a vibrational analysis of zinc and free-base phthalocyanine.

An important aspect of the visible spectroscopy of H,Pc
which has not yet been resolved is the location of the origin of
the S, (Qy) state. In the gas phase the vibronic structure
present in the excitation spectra is so complex in the onset
region of the Qy state that the band origin of this state has not
been identified.®” Extreme spectral congestion arises in the
region where the v = 0 level of the Qy state overlaps the
vibrationally excited levels of the Qy (S) state rendering visual
identification of the origin impossible. Due to the similar
energy splitting between the Qy and Qy states in matrix spectra
and the assumed transition energy of the N-H in-plane bending
vibration, this mode is considered to be important in the
coupling between the two electronic states.® Since the vibrational
modes in the ground S state and the first excited Q (S;) state are
very similar,”'° vibrational assignments in the ground state are
essential for analysing the complex vibronic structure in the
electronic excitation spectra. As a precursor to an analysis of
the excitation and emission spectra, which will be presented in a
forthcoming article,'® an analysis of the fundamental vibrational
modes is required and undertaken herein.

While several infrared studies have been presented for
H,Pc'""'? and ZnPc'? in KBr discs and in Nujol, no reports
currently exist for the low temperature IR spectra of these
molecules. Despite the numerous infrared studies of H,Pc
which have been published, the assignments of several
vibrational modes remain uncertain, especially in the case of
the N-H In-Plane Bending (NH-IPB) mode. This vibrational
mode has been assigned to bands at 1006 cm™"' and 1539 cm ™"
in experimental work.'"'? Theoretical calculations of the
infrared and Raman active vibrations for H,Pc!* and ZnPc'®
have also been published. The most detailed vibrational
analysis to-date of H,Pc has been done by Zhang er al.,'*
who conducted a DFT calculation utilising the B3LYP
functional and a 6-31G* basis set.

Investigation of the infrared spectra of H,Pc and its
isotopomers using the matrix-isolation technique should allow
conclusive identification of the NH-IPB mode. The IR spectra
obtained under these conditions are those of isolated molecules
and are largely free of bands arising from interactions present
in phthalocyanine aggregates. Moreover, because of the low
temperatures used, thermal population of the lowest frequency
modes of the Pcs, which are known to exist, is almost
completely eliminated. An illustration of the improvement in
the data obtained from matrix samples is provided by the
comparison shown in Fig. 2 for spectra recorded for H,Pc in
solid Ar at 14 K and in KBr discs at room temperature. It is
immediately evident in this figure that the matrix bands are
narrower and much better resolved than those present in the
KBr spectra. A similar comparison of the ZnPc spectra is
presented in Fig. S1 of the ESL.¥

In the present paper we describe, for the first time, a study of
the matrix infrared absorption spectra of H,Pc and its
isotopomers HDPc and D,Pc isolated in rare gas and inert
molecular solids. ZnPc, which does not contain the central
N-H bonds of interest, was also studied under the same
conditions for the purposes of comparison. In addition,
Raman spectra of ZnPc, H,Pc and D,Pc were recorded in

H,Pc Infra-red Absorption

Ar matrix @ 14K

900 1000 1100 1200

400 500 600 700 800
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Fig. 2 A comparison of the infrared absorption spectra recorded for
H,Pc trapped in an Ar matrix at 14 K and in a KBr pellet at room
temperature. Major differences in the spectra are evident in the
740 and 1000 cm™' regions, both of which have been attributed to
the N-H bending modes in the literature.

KBr discs. Large basis set DFT calculations were performed
on the four aforementioned molecules in order to assign the
observed vibrational modes. These calculations are essential
for assignments of the vibrational modes present in both
Raman scattering and visible fluorescence spectra recorded
previously by our group® with Q-band excitation of matrix-
isolated Pcs.

After presenting an outline in Part II of the experimental
and computational methods employed, a brief overview of the
results obtained is provided in Part III. Part IV is devoted to a
discussion of both the experimental and computational data
obtained for ZnPc and H,Pc and the isotopomers HDPc and
D,Pc. This section is divided into three parts, dealing with (A)
IR spectra, (B) Raman spectra and (C) specific isotopic effects.
The main conclusions are summarized in Part V.

II. Methods

A Experimental

ZnPc and H,Pc were purchased from Sigma Aldrich and Fluka,
respectively, and used without further purification. Matrix sam-
ples were prepared by heating the phthalocyanines to around 350
°C and using the flowing host gas to entrain the Pc vapour for
deposition on a KBr window at cryogenic temperatures. The
cryogenic set-up has been described previously.'® The oven® used
consisted of a solid stainless steel cylinder in which a hollow
screw, containing either ZnPc or H,Pc, was fitted. The top of this
screw was positioned to emerge at right angles to a 2 mm opening
passing the length of the cylinder. This opening was connected by
a Swagelok compression seal to a %’ " gas inlet line. Resistive
heating of the cylinder was used to reach vaporisation
temperatures. Large gas flows (40 mmol h™') were required to
achieve isolation of the Pc as a monomer.

Infrared absorption spectra in solid N5, Ar, Kr and Xe were
recorded on a Bruker IFS/66s spectrometer in the Low
Temperature Spectroscopy (LTS) group at NUI-Maynooth
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at a resolution of 0.5 cm™'. Two IR detectors were used to
record spectra, namely a liquid-N, cooled MCT was used in
the region down to 800 cm ™! while a room temperature DTGS
was used for the lower frequency range down to 400 cm™'. The
spectrometer was purged with dry air in order to reduce
contributions from water vapour lines in the spectral regions
of interest. The samples were deposited on a KBr window at
20-25 K for Ar and N, matrices. Slightly higher temperatures
of 25-27 K were used in the heavy rare gas matrices Kr and
Xe, in order to avoid the formation of highly scattering
samples. All spectra were recorded at 13 K. The spectra of
ZnPc and H,Pc were not sensitive to the temperature at which
they were recorded and moderate annealing to 25, 25, 30 and
35 K in N,, Ar, Kr or Xe matrices, respectively, had no effect
on the line shapes and positions. The duration of a typical
deposition was 1 h. These long deposition times were required
to achieve acceptable absorption strengths and are at least
twice as long as used for the samples used in visible spectro-
scopic studies.

Raman spectroscopy of ZnPc and H,Pc in KBr discs was
performed using a LabRAM HR confocal Raman microscope
(HORIBA Scientific). Excitation was from a narrowband
(<1 MHz) diode-pumped, solid state 532 nm Nd:YAG laser,
whose power was typically adjusted to 8 mW at the sample.
The Pcs exhibit an absorption dip at this excitation wavelength
so the resulting Raman scatter is largely free of fluorescence
and resonance Raman contributions. In addition self-absorption
of the weaker, low-frequency Raman modes is minimised with
the use of the 532 nm laser. Spectra were also recorded with
633 nm excitation but, because of the strong fluorescence
background, are not presented herein. A Peltier (=70 °C)
cooled 1024 x 256 pixel CCD detector, with an open electrode
format, was used for detection. Using a visible-optimised
600 gr mm~' diffraction grating, the 800 mm focal length
spectrometer provides a spectral resolution of 3 cm™'.
Backscattered light was collected through the microscope
optics, using a Leica (x50) long-working-distance objective
(NA = 0.55). Several point measurements were made on each
KBr disc to ensure sample homogeneity.

Deuterated free-base phthalocyanine (D,Pc) was prepared
using a procedure similar to that described by Fitch et al.,"”
where the two inner hydrogen atoms were exchanged with a
deuterated acid. In the following procedures, one D,Pc sample
was prepared using deuterated trichloroacetic acid (TCA-d,)
and another sample with deuterated trifluoroacetic acid
(TFA-d;). TCA-d; was prepared by adding 12 ml of D,O
(Apollo Scientific, 99.9% D-atom purity) to 48.6 g trichloro-
acetic acid (Sigma Aldrich). The solution was heated to
approximately 70 °C and the water was removed by vacuum
distillation. The process was repeated 5 times to maximise
deuteration. Deuterated phthalocyanine was prepared by adding
0.5 g of normal free-base phthalocyanine to the deuterated
TCA prepared above. This mixture was equilibrated under Ar
at 80 °C with continuous stirring for 3 h. The D,Pc was
precipitated by addition of 30 ml of D,O. The precipitate was
filtered, washed 5 times with hot D,O and dried in an oven at
110 °C. A second sample of D,Pc was prepared using 99.5%
D trifluoroacetic acid-d; purchased from Sigma Aldrich.
Under Ar, 0.5 g of normal free-base phthalocyanine was

added to 25 g of TFA-d; and was refluxed for 3 h. As with
the preparation using TCA-d,, the D,Pc was precipitated with
30 ml D50, filtered, washed with hot D,O and dried in an oven
at 110 °C.

In both syntheses, mixtures of H,Pc, HDPc and D,Pc
resulted. The compositions of mixture 1 (obtained from
synthesis 1) and mixture 2 (obtained from synthesis 2) were
slightly different. By assuming that the relative intensities of
the N—H stretching modes in H,Pc and in HDPc is 2/1 and of
the N-D modes in HDPc and in D,Pc is equal to 1/2, the
relative amounts of the three species were determined for the
two mixtures with the following results. For mixture 1: H,Pc/
HDPc/D,Pc = 13%/40%/47% and for mixture 2: 15%/46%/
39%. A third mixture was prepared for Raman experiments in
KBr pellets. Its composition, determined from N-H and N-D
stretching mode intensities, was found to be 12%/36%/52%
for H,Pc/HDPc/D-Pc.

B Computational

All calculations were performed with the Gaussian 03
quantum chemistry package'® using Density Functional
Theory (DFT). The B3LYP'"?' functional was used with
the 6-311+ +G(2d,2p) basis set by Pople er al.?* for both
geometry optimisation and harmonic frequency calculation.
To the best of our knowledge, this is the largest basis set used
to date on the H,Pc and ZnPc systems. The calculations were
run at NUI-Maynooth on a Linux workstation with two
AMD ““‘Barcelona” 64-bit quad-core processors running at
2.0 GHz. To allow comparison with experimental bands, we
choose to apply a uniform scaling factor™ in the spectral
region below 2000 cm™'. Accordingly, all the computed
frequencies in this range are uniformly multiplied by 0.98,
which was found to give the best agreement when compared
with the experimental results. The scaling factors used for the
higher frequency CH and NH stretching vibrations are 0.96
and 0.931 respectively.

The Gaussian 03 computed scattering activity, .S; (A“ amu™')
of a normal mode i, has been transformed into Raman
intensity, J; (m? s~ '), for comparison with recorded Raman
data. This is achieved with the expression,

C(l/() — l/i)4Sj

I =
l/,'B,‘

(1)
presented by Michalska and Wysokinski.* In eqn (1) v is the
energy of the incident 532 nm laser light (18 797 cm ') and v, is
that of a normal mode i. The C term is a constant made up of a
geometry factor and the physical constants /1, k and ¢ Planck’s,
Boltzmann’s constants and the speed of light respectively. B, is
the Boltzmann distribution of population amongst the normal
modes and its dependence on temperature 7 is given by

Bi=1- eXp(ilf;ic) (2)

This term may be ignored for experiments conducted at very
low temperatures or for modes with frequencies above ~ 500 cm™'
when its value approaches 1. However, as the Raman spectra
presented herein were recorded at room temperature and
the Pcs have several modes below 300 cm™', inclusion of
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the B; correction has a significant effect on the intensities of the
lower frequency modes in the computed spectra.

III. Results

A Experimental

1 ZnPc. An infrared absorption spectrum recorded for
ZnPc isolated in a N, matrix is shown in the upper panel of
Fig. 3. The most intense infrared active bands of this molecule
are situated between 400 and 1650 cm™'. Other less intense
bands, arising from C-H stretching modes are located, as

0.4
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Fig. 3 Infrared spectra of ZnPc and H,Pc molecules isolated in a N,
matrix at 13 K in the two spectral regions with the strongest absorptions.
The asterisks (*) denote small amounts of the matrix-isolated
impurities carbon dioxide and water.

shown in the panel on the right, around 3100 cm™'. Weak
bands observed between 1650 and 3000 cm ™! are expected to
be combination modes and were not investigated. The most
intense vibrational bands of ZnPc in the mid-IR are situated at
1095.9, 1117.8 and 1332.2 cm ™! in N, matrices. Weaker bands
in the C—H stretching mode region are, as shown in the right
hand panel, situated at 3038.3, 3072.3 and 3093.5 cm™!. The
spectra of ZnPc in other matrices (Ar, Kr and Xe) are similar
to the spectrum shown for N, in Fig. 3, but the bands shift
slightly to lower energies.

The observed vibrational bands are in good agreement with
the KBr disc IR spectrum published by Tackley er al.,'
although as shown in Fig. S1 (ESIt), the bands in cryogenic
matrices are much narrower and better resolved. The frequencies
of the observed fundamental modes in all matrices studied are
given in Table 1 along with KBr data recorded in the present
work. Very small shifts of vibrational frequencies are notice-
able from one host gas to another but these are all shifted to
the blue of the KBr bands. In cryogenic matrices, the bands
are quite narrow, except in the CH stretch region. The
structure in this region may be due to site effects, since the
C-H bonds of the aryl group are located on the outer part of
the molecule. As a result, these stretching modes are very
sensitive to the trapping environment as revealed by the
pronounced (>20 cm™') KBr—matrix shift.

Raman spectra of ZnPc were recorded only in KBr pellets at
room temperature. The 100-1700 cm ™' range is shown in the
upper panel of Fig. 4. The most intense bands are situated at
676.5, 1338.3 and 1506.8 cm~'. As expected, the results
we obtained with 532 nm excitation compare well with the

Table 1 Infrared frequencies (in cm™') observed for ZnPc trapped in different solids. The symmetries provided were obtained from DFT
calculations. The corresponding theoretical frequencies have been scaled by a factor of 0.98 below 2000 cm ™!, while a value of 0.96 has been used
for the C—H modes in the vicinity of 3000 cm~'. The symmetry labels given for the molecular vibrations of ZnPc utilise the Dy, group. The
experimental values shown in bold are the most intense bands. Values indicated by an asterisk are possible combination bands, while those

indicated by “sh” are unresolved shoulders on more intense bands

KBr Ar Kr Xe N, DFT (scaled) DFT (unscaled) Sym
435 — — 430.0 — 437.3 446.2 Asy
499 502.2 — 501.2 502.0 501.4 511.4 E.
571 573.4 573.8 572.0 573.4 574.1 585.8 E,
635 637.3 — 640.4 640.7 639.8 652.8 E.
727 732.7 731.5 730.8 733.9 734.0 749.0 Aoy
752 754.4 754.4 754.0 754.7 752.6 768.0 E.
782 778.8 778.2 771.7 780.8 781.1 797.0 A,
887 890.1 889.6 889.4 890.2 887.9 906.0 E.
1004 1004.7 1004.5 1003.7 1005.5 1009.4 1030.0 E.
1063.1 1062.4 1061.4 1063.6
1060 1069.3 1068.4 1068.6 1070.2 1062.8 1084.5 E,
1088 1094.8 1094.5 1093.6 1095.9 1089.0 1111.1 E,
1116 1117.4 1116.8 1114.5 1117.8 1115.5 1138.2 E.
1164 1167.7 1167.3 1165.7 1168.2 1166.2 1190.0 E,
1285 1287.1 1287.1 1285.8 1288.1 1294.0 1320.4 E
1296.0 1295.0 1292.1 1297.8 u
— 1310.7 1307.8 1306.6 1313.5 1316.9 1343.8 E,
1331.8 1331.5 1331.8 1332.2
1331 1338.0 1337.6 1336.8 1339.4 1332.4 1359.6 E,
1409 1412.2 1411.7 1410.5 1413.5 1407.9 1436.6 E.
1454 1459.3 1458.1 1458.4 1459.7 1461.2 1491.0 E.
1482 1491.0 1490.4 1488.9 1491.0 1481.4 1511.6 E,
1607 — — 1613.9 1615.1 1608.5 1641.3 E,
3024%* 3035.1%* 3034.8* 3031.1%* 3038.3* — —
3047 3061.5" 3059.1%" 3054.0°" 3064.0°" 3061.3 3174.0 E,
3055 3069.2 3067.6 3061.1 3072.3 3074.4 3187.6 E,
3077 3093.8 3092.1 3086.7 3093.5 3091.0 3204.8 E

<
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Fig. 4 Raman spectra of ZnPc and H,Pc in KBr pellets recorded at
room temperature with 532 nm excitation. Conspicuous in the high
frequency spectral region is the absence of a strong symmetric N-H
stretch which is quite pronounced in the corresponding IR spectrum of
H,Pc. Its possible location, obtained with DFT prediction, is indicated
by the arrow.

spectrum recorded by Tackley er al.'® with an excitation
wavelength of 514 nm. Beyond 1700 cm ™', the Raman spectrum
exhibits several bands, consisting mostly of overtones or
combination bands, so that, the C-H stretching modes are
difficult to identify clearly. On the other hand, our results
reveal only four very low frequency (below 400 cm™') modes.
The frequencies of the recorded Raman bands are collected in
Table 2.

2 H,Pc. The IR spectrum of H,Pc in N, is shown in the
lower panel of Fig. 3. The main difference with the spectrum of
ZnPc is the appearance of two new intense bands—a triplet
centred around 1000 cm™! and a sharp singlet at 3311.5 cm™".
These bands have been attributed in the infra-red spectra of
KBr discs'? to the N-H deformation and N-H stretching
modes respectively. The latter assignment is entirely appropriate,
the former will be examined in detail in the present paper.
Spectra recorded in other matrices (Ar, Kr and Xe) are similar
to the one shown in Fig. 3 for N, but are also shifted to lower
energies. As in the case of ZnPc, all the bands are narrow,
except those corresponding to CH stretching modes between
3000 and 3100 cm ™~ '. The frequencies of the observed modes of
H,Pc in all matrices studied are collected in Table 3. Spectral
shifts from one matrix host to another are very small, but as
previously found with ZnPc, the shifts are larger between KBr
and the inert gas hosts. The most pronounced KBr-matrix
shift is found for the N—H stretching mode. The IR signatures
of ZnPc and H,Pc can be compared in Fig. 3, illustrating the
differences between the entries in Tables 1 and 3 for these
molecules.

The infrared absorption spectrum of H,Pc in KBr discs has
been published previously by Shurvell and Pinzuti.'' As found
in ZnPc, the H,Pc bands in KBr are red-shifted and broadened
compared to the matrix bands because of the interaction
between dopand molecules in KBr. This effect is clearly
evident in Fig. 2 which presents a comparison of the spectra
recorded in solid Ar and in KBr. However, in contrast to the
ZnPc system (Fig. S1, ESIY), several significant differences

exist between the KBr and matrix spectra of H,Pc. The most
significant differences are evident in the 740 and 1000 cm ™'
regions, which have been the subject of much debate and
confusion. Several bands present in KBr (685, 712.1 and
716.5 cm™") are absent in the matrix spectra. The fact that
they are absent or observed with a drastic reduction in
intensity (compared to the bands around 730 and 736 cm™")
in the matrix spectra indicates that these bands are due to
H,Pc aggregates. The strongest band in KBr at 1006.5 cm ™" is
much narrower and located at a lower frequency (995 cm™") in
the N, matrix. All other modes in inert host matrices are
observed at higher energy than in KBr.

The Raman spectrum of H,Pc in KBr discs, recorded under
the same conditions as ZnPc in KBr, is shown in the lower
panel of Fig. 4 while the corresponding vibrational frequencies
are reported in Table 2. The similarities between H,Pc and
ZnPc Raman spectra are striking, and much more extensive
than between the corresponding IR spectra shown in Fig. 3.
This behaviour would immediately suggest that the N-H
modes of free-base phthalocyanine are only weakly Raman
active.

3 Deuteration effects. The two syntheses of D,Pc used in
matrix-IR experiments yielded mixtures of H,Pc, HDPc and
D,Pc with, as shown by the lower traces in Fig. 5, slightly
different compositions for two spectra recorded in Ar. The
plot on the right shows the N-H stretching region. The less
intense band at 3310.0 cm ™! is the antisymmetric stretching of
H,Pc, which was already observed in pure H,Pc samples and is
shown for comparison by the black trace in Fig. 5 (bottom).
The more intense band is the N-H stretching of HDPc at
3337.1 cm™". The left panel in Fig. 5 shows the region of the
N-D stretching. The highest energy feature at 2538.6 cm ™' is a
combination band already present in the spectrum of pure
H,Pc shown by the black trace. The absorption at 2480.5 cm ™'
is more intense in mixture 1 and since this sample contains
most D,Pc, this band is assigned to the N-D antisymmetric
stretching mode of the fully deuterated molecule.

This assignment is supported by data extracted from the
difference spectra. Difference spectra containing only HDPc or
D,Pc were obtained with the following procedure. First: the
spectrum of pure H,Pc is multiplied by a coefficient and
subtracted from those of mixtures 1 and 2, so in the difference
spectra the intensity of the pure N-H stretching mode in H,Pc
(in argon the band at 3310 cm™') is equal to 0. Two spectra,
containing only HDPc¢ and D,Pc: mixtures 1’ and 2/, are
thereby obtained. Second: the spectrum of 1’ is multiplied by
a coefficient and subtracted from spectrum 2’ so the intensity
of the N-D stretching mode band of D,Pc (at 2480.5 cm™! in
Ar) is equal to 0. This difference spectrum is now that of pure
HDPc. Third: the spectrum of 2’ is multiplied by a coefficient
and subtracted from spectrum 1, so the intensity of the band
of HDPc at 3337.1 cm™! in Ar (N-H stretching mode) is equal
to 0. This difference spectrum shows only D,Pc bands.

The difference spectra generated for HDPc and D,Pc
isolated in an Ar matrix are presented in the upper panels of
Fig. 5 in the N-D (left panel) and N-H (right panel) stretching
regions. Two unaccounted bands are located at 2501.4 and
2523.3 cm™ ! in the raw spectra of both the mixtures but with

10410 | Phys. Chem. Chem. Phys., 2010, 12, 10406-10422

This journal is © the Owner Societies 2010



Table 2 Vibrational frequencies (in cm™!) measured in KBr pellets for the Raman active modes of D,Pc, H,Pc and ZnPc. The DFT results are
provided both unscaled and scaled by a factor of 0.98. Symmetry assignments for the molecular vibrations were obtained from the DFT results.
The strongest bands observed in the recorded spectra are shown in bold; relative intensities in brackets

H,Pc ZnPc

DzPC

Obs. Obs. Calc. scaled Calc. unscaled Sym Obs. Calc. scaled Calc. unscaled Sym.

128.7 (w) 129.9 (w) 130.2 (0.0017) 132.9 A, 157.4 (m) 154.5 (0.001) 157.6 B,

183.7 (m) 182.9 (m) 177.6 (0.0015) 181.2 B, 228.3 (m) 227.2 (0.0016) 231.8 B,

206.0 (w) 204.7 (w) 207.7 (0.0000) 211.9 le

228.3 (w) 228.3 (w) 225.4 (0.004) 229.7 A, 257.2 (w) 253.2 (0.003) 258.4 Al

— — 286.0 (w) 282.6 (0.0000) 288.4 E,

479.4 (w) 479.9 (w) 477.9 (0.007) 487.6 By, 479.9 (w) 479.9 (0.0060) 489.7 By
494.0 (w) 498.5 (0.0000) 508.7 o

540.4 (w) 541.3 (w) 540.3 (0.002) 551.3 A,

565.6 (m) 565.7 (m) 566.0 (0.002) 571.5 A, 588.3 (s) 588.1 (0.0060) 600.1 A,
642.0 (w) 645.9 (0.0000) 659.1 E,

680.0 (s) 679.9 (s) 676.6 (0.02) 690.4 A, 676.5 (vs) 676.1 (0.0160) 689.9 Ay,
717.2.(w) 724.3 (0.0000) 739.1 E,

720.2 (m) 722.8 (m) 728.6 (0.06) 743.5 A, 746.8 (W) 749.5 (0.050) 764.8 B,

764.7 (vw) 764.7 (vw) 763.7 (0.001) 779.3 A, 772.3 (vw) 772.3 (0.020) 788.7 By,
782.0 (vw) 792.8 (0.0002) 809 E,

794.5 (s) 796.1 (s) 794.5 (0.01) 810.7 A, 830.0 (m) 834.5 (0.0080) 851.6 le
845.0 (w)
873.0 (w) 879.8 (0.0000) 897.8 E,

888.1 (w) 888.9 (w) 889.3 (0.0000) 907.4 B,

1006.9 (w) 1007.3 (w) 1008.4 (0.012) 1029.0 A, 1008.9 (w) 1009.8 (0.026) 1030.4 A,

986.1 (w) 1026.3 (w) 1028.7 (0.012) 1049.7 B, 1032.0 (m) 1035.5 (0.006) 1056.6 B,

1026.3 (w)

1044.1 (m) 1081.4 (m) 1084.8 (0.002) 1107.0 Big 945.8 (m) 944.3 (0.0020) 963.6 By

1082.7 (m)

1097.6 (m) 1099.1 (m) 1099 (0.0000) 1121.7 B,

1105.0 (m) 1104.4 (m) 1109.9 (0.02) 1132.5 B, 1107.6 (w) 1109.3 (0.019) 1131.9 By,

1116.9 (vw) 1117.4 (w) 1116.0 (0.05) 1138.3 e

1139.2 (s) 1140.3 (s) 1140.7 (0.13) 1164.0 A, 1141.9 (m) 1141.0 (0.144) 1164.3 By,

1155.6 (w) 1154.9 (vw) 1161.3 (0.18) 1185.2 A,

1183.8 (vw) 1180.9 (w) 1179.9 (0.06) 1211.4 A, 1182.5 (w) 1178.1 (0.066) 1202.1 B,

1190.0 (vw) 1191.1 (0.006) 1223.6 By, 1197.1 (w)

1217.9 (w) 1227.8 (w) 1233.5 (0.14) 1258.7 B, 1210.0 (w) 1207.4 (0.037) 1232.0 By,

1290.8 (sh) 1293.7 (sh) 1300.4 (0.30) 1327.0 A, 1218.1 (w) 1296.5 (0.35) 1323.0 B,

1313.1 (w) 1312.8 (w) 1312.5 (0.01) 1339.3 B, 1304.9 (w) 1304.8 (0.0230) 1331.4 By

1335.4(vs) 1336.7 (vs) 1333.7 (0.13) 1360.9 A, 1338.3 (vs) 1336.5 (0.107) 1363.8 Al

1344.3(vs) 1345.8 (0.14) 1373.3 A, 1341.5 (0.088) 1368.9 B,

1402.2 (m) 1406.5 (w) 1393.9 (0.025) 1422.4 A, 1404.9 (m) 1393.0 (0.030) 1421.4 Ay,

1427.5 (s) 1426.9 (m) 1430.8 (0.05) 1459.0 B, 1431.7 (m) 1427.9 (0.024) 1457.0 2

1431.6 (0.148) 1460.9

1449.8 (m) 1450.5 (m) 1452.0 (0.09) 1481.6 A, 1447.4 (m) 1449.1 (0.101) 1478.7 B,

— — — — — 1474.0 (w) 1479.4 (0.011) 1509.6 B,

1518.1 (s) 1511.5 (s) 1510.3 (0.09) 1541.1 A, — — —

1540.4(vs) 1539.5 (vs) 1551.2 (1.0) 1582.9 A, 1506.8 (vs) 1526.0 (1.0) 1557.2 B,

1583.5 (w) 1584.4 (w) 1579.1 (0.006) 1611.4 A, 1584.4 (w) 1582.4 (0.004) 1614.7 B,

1616.2 (w) 1616.8 (w) 1613.9 (0.004) 1646.8 By, 1607.6 (w) 1609.6 (0.0016) 1642.5 By

the help of difference spectra, the former can be assigned to the
N-D stretching in HDPc. In conclusion, the N-H and N-D
stretching modes of HDPc are at 3337.1 and 2501.4 cm™'
respectively.

The overlap between the bands of the three isotopomers in
the 400 to 1600 cm™' region does not allow us to use the raw
mixture spectra to identify the lower frequency modes for each
species. This problem can be resolved if “difference’ spectra
are used instead. The signal-to-noise ratio of these spectra is
lower than in the original mixture spectra and as a result, this
method can only be used to analyse the most intense IR bands.

Fig. 6 and 7 show the difference spectra extracted for HDPc
and D,Pc in the 700-800, the 900—1150 and the 1150-1300 cm ™!
regions together with the pure H,Pc spectrum. Other than the
N-H(D) stretching regions, these are the spectral ranges where
the largest shifts were observed between the spectra of the

three isotopomers. All the other bands are only slightly shifted
(<2 cm™") upon H/D substitution. As shown in the left panel
of Fig. 6, the band of H,Pc at 764.8 cm ™! in Ar appears to shift
to 742.5 cm ™! in HDPc. No new bands are observed for D,Pc
in the lower energy part of the spectrum shown. On the
other hand, the strong 728 cm™! band of D,Pc exhibits, as
shown in Fig. 6, a structure whose resolution depends strongly
on the matrix host. The spectra recorded in N, matrices
(centre panel) are the best resolved and reveal the presence
of two bands for D,Pc at 728.0 and 731.4 cm ™! instead of one
broad, but intense band in Ar and Kr. Assuming a pair of
lines is also present in the Ar and Kr data—a reasonable
assumption given their widths and indications of unresolved
structure on both—then in N, the three bands of H,Pc at
724.7, 730.9 and 736.4 cm™ ' are located at 722.1, 728.0 and
731.4 cm ™" in D,Pc. This proposal will be examined further in
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Table 3 Infrared frequencies (in cm™ ") observed for H,Pc trapped in different solids. The DFT results shown have been scaled with the same
factors as used in Table 1. The symmetry labels given for the vibrations utilise the D,;, point group, with the z-axis perpendicular to the molecular
plane. Some of the weakest unassigned bands may arise from site splitting or H,Pc aggregates. Asterisks and “‘sh’” have the same meaning as in

Table 1. The strongest bonds observed are shown in bold

KBr Ar Kr Xe N, DFT (scaled) DFT (unscaled) Sym
493 4943 494.6 493.4 494.4 492.5 502.6 B,
556 556.6 555.8 556.0 556.2 556.0 567.4 Bsu
618 618.2 617.9 617.5 618.4 619.6 632.3 B,
722.7 722.0 721.2 724.7 725.7 740.5 Biu
730 731.0 730.6 730.5 730.9 731.5 746.5 Bsu
735 736.6 736.3 735.9 736.4 735.8 750.8 Bsy,
765 764.8 764.6 762.6 766.9 762.8 778.4 Biu
— 785.6 784.7 783.6 787.4 783.1 799.1 B,
874 875.4 874.8 875.3 875.7 874.0 891.8 By
— 980.9 980.4 976.0 980.8 — —
1007 991.5 995.7 994.6 995.0 1016.5 1037.2 Bsu
— 997.6 1001 1001.0 1003.0 — —
1011.3 1011.1 1010.4 1012.7 — —
1045 1046.2s 1045.4 1045.7 1047.1 1047.0 1068.4 Bou
1065.4 1064.8 1064.5 1065.9 1064.3 1086.9 By
1075.7 1072.9 1070.2 1074.9 — —
1094 1096.1 1095.0 1094.2 1096.0 1086.9 1109.0 B,
1110 1110.7 1110.5 1101.3 1112.4 1109.3 1131.9 By
1118 1120.0 1119.2 1118.6 1120.6 1116.8 1139.6 B
— 1154.8 1152.5 1155.3 1157.8 1181.4 B>,
1160 1158.9 1158.1 1157.6 1159.7 1162.4 1186.1 Bsu
1189 1191.1 1190.5 1188.7 1192.2 1190.3 1214.6 Bou
— 1201.8 1200.0 1197.9 1202.5 — —
1251.6 1252.0 1251.5 1252.7 1260.7 1286.4 By
1277 1276.2 1277.9 1277.3 1277.3 1286.3 1312.6 Bsu
1279.0 — — 1280.2
1303 1302.2 1301.2 1300.0 1305.3 1307.4 1334.1 Bsu
1309.0 1307.5 1307.4 —
1321 1322.2 1322.2 1321.5 1323.2 1313.1 1339.9 Bou
1335 1336.6 1336.1 1336.5 1336.4 1331.6 1358.8 Bsu
1343°h 1346.5 1345.9 1345.5 1346.7 1343.1 1370.6 ;3
1438 1440.8 1439.9 1438.9 1441.1 1444.0 1473.5 : 3
— 1459.5 1459.5 1460.0 1459.4 — —
1459 1466.5 1464.9 1461.9 1466.8 1460.8 1490.7 By
— 1496.3 — — 1494.9
— 1498.8 1498.4 1497.6 1498.4 1499 .4 1530.0 Bou
1501.2 — — 1501.6 — —
1503 1506.1 1505.2 1504.3 1507.3 1500.9 1531.5 B,
— 1513.1 1512.0 — 1513.1
— 1538.7 1537.9 1540.8 1536.5 1567.9 By
1609 1607.8 1610.3 1608.8 1610.7 1606.3 1639.1 Bsu
. 1623.5 1620.1_ 1618.7_ 1621.1_ 1613.8 1646.8 Bo,
3049 3039.6 3035.2 3034.6 3041.0 — —
— 3063.4%" 3057.9" — 3058.6 3172.8 Ba,
3063.8 3176.6 ;3
— 3072.8 3070.4 3066.0 3075.6 3073.4 3186.5 Bsu
3076.8 3190.1 Bsu
3075 3086.1 3082.3 3079.5 3087.2 3089.9 3203.6 Boy
3093.0 3207.8 Bsu
3289 3310.0 3308.1 3309.2 3311.5 3307.3 3556.3 Bsy

conjunction with the discussion of the DFT predictions of
isotopic shifts.

The left panel of Fig. 7 shows the spectral range from 900 to
1150 cm ™" in solid Ar in which it is immediately evident that
this region is dominated by the strong 1000 cm~' band.
However, a pronounced shift is not exhibited upon isotopic
substitution by the most intense band located at 991.5 cm ™.
Concentration studies reveal that the 1000 cm™" band changes
extensively on the high energy side indicating that the blue
region is where aggregates of the Pcs absorb. Thus in the D,Pc
spectrum presented on the top in Fig. 7, the most intense
feature is shifted towards the blue but this effect is arising as a
result of an increased amount of aggregates and is not an

isotope effect. As indicated by the asterisks in Fig. 7, the
location of the monomer band is only very slightly isotope
dependent. The observed positions for the monomer bands
of H,Pc, HDPc and D,Pc in solid Ar are 991.5, 990.4 and
989.3 cm ™! respectively.

In contrast to the dominant band, several of the weaker
bands in this region do show pronounced H/D isotope
dependence. As indicated by the arrow on the extreme left in
Fig. 7, D,Pc has a strong band at 964.1 cm™' which is not
present in the two lighter isotopomers. HDPc does exhibit a
new band at 977.8 cm ™' (red downward arrow) but due to its
proximity to the dominant band at 990 cm ™', the significance
of this band cannot be estimated from experimental data
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Fig. 5 Raw spectra of the two mixtures of H,Pc, HDPc and D,Pc in
solid Ar obtained by synthesis 1 and 2 are shown in the lower section.
The spectrum of 2 has been divided by a factor of 1.45 in order to
make the intensities of the bands of H,Pc and D,Pc coincide. The
absorption of a sample containing only H,Pc is shown (in black) to
allow identification of a combination mode at 2538 cm™'. The
upper section shows the difference spectra in the region of the N-D
and N-H stretching modes of H,Pc, HDPc and D,Pc in an Ar matrix.
The broad underlying curvature present in the two difference spectra is
a result of working with two samples having slightly different
thicknesses. DFT predictions are shown by the stick spectra and
scaled by the indicated factors.
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Fig. 6 Infrared spectra in the region of 700-800 cm ™' of H,Pc, HDPc
and D,Pc trapped in different solids (Ar, N, and Kr). The results of the
DFT calculations on the three isotopomers are shown by the stick
spectra scaled by 0.98. The labels OP and IP indicate out-of-plane and
in-plane bending modes respectively. Particularly noteworthy is the
mode labelled OP, whose frequency increases from the light (H,Pc) to
the heavy (D,Pc) isotopomer.

alone. Another difficulty in the present attributions is the large
intensity variations amongst the lines of the different isotopomers.
The right panel in Fig. 7 presents the isotope dependence
observed in the 1150-1300 cm ™! region. The most pronounced
effect exhibited here is the removal of the moderately intense
band of H,Pc at 1252 cm ™" indicated by the black arrow. No
new, well-defined feature is evident in D,Pc; the occurrence of
new bands is obscured by the residual in the difference spectra
of the strong bands of H,Pc.

The frequencies of the vibrational modes which shift most
upon deuteration in solid Ar are reported in Table 4. No

3+ Ar * monomer »
1.5+
2 3
& * 1.0 ‘
g ’ L
g 1
2 i ' L
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J = T 0.5 e
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Fig. 7 Difference spectra of H,Pc, HDPc and D,Pc in an Ar matrix in
the 900-1150 and 1150-1300 cm ' regions. The asterisks (*) around
1000 cm™' indicate the absorptions of fully isolated monomer
molecules. As in the previous figure, scaled (x0.98) DFT results are
shown for comparison purposes. The modes of H,Pc exhibiting a
significant dependence on isotopic substitution are numbered and
discussed in detail in the text.

significant differences in the frequency shifts are detected in
other matrices. In order to further investigate the observed
isotope shifts and thereby obtain mode assignments of the IR
absorption bands, theoretical predictions are required. More
detailed comments on these experimental results will be
presented in the Discussion.

Raman data for the deuterated species have been recorded
in KBr pellets, with a D,Pc sample containing some residual
hydrogenated isotopomers. The corresponding spectrum is
presented in Fig. 8 and compared with that of H,Pc in KBr
recorded under identical experimental conditions. The observed
bands are reported in Table 2. The D,Pc and H,Pc Raman
spectra are very similar, behaviour in agreement with the
previous remark concerning the similarities between H,Pc
and ZnPc Raman spectra. The main differences involve the
appearance of new weak bands at 986.1 and 1044.1 cm™!,
slight shifts of the 1227.8 and 1406.5 cm ™! bands of H,Pc to
1217.9 and 1402.2 cm™! for D,Pc, respectively, and a structure
in the strong band around 1340 cm™!. The band around
1400 cm™! seems to shift with the sample preparation and is
assigned to clusters or complexes. In contrast to the IR
spectra, this is the only evidence we have identified in the
Raman spectra for the presence of an aggregate band in KBr.
As in the case of IR data, the isotope shifts in the Raman data
will be discussed in the light of theoretical predictions obtained
using DFT calculations.

B DEFT calculations data

We used Density Functional Theory to generate force fields
from the optimised molecular geometries of ZnPc and H,Pc.
Computed vibrational frequencies of ZnPc and the isotopomers
H,Pc, HDPc and D,Pc were then analysed and compared with
the recorded spectra to examine, in particular, the N-H
vibrational modes.

This journal is © the Owner Societies 2010
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Table 4 Comparison of the experimental IR frequencies recorded for free base phthalocyanine in an Ar matrix and DFT computed frequencies
for the modes exhibiting the largest shifts upon H/D isotopic substitution. The intensities are given in parentheses as km mol~'. A scaling factor of
0.98 has been used for all modes less than 2000 cm ™. Larger scaling factors, as indicated, have been used for the higher frequency N—H stretching
modes reflecting the larger anharmonicities of these modes. Experimental values shown in parentheses are either very weak or only partially
resolved. Question marks indicate bands which were not identifiable in the recorded spectra

Exp. Ar DFT 6-311+ +G(2d,2p) Mode assignment
H,Pc HDPc D,Pc Shift Shift  H,Pc HDPc D,Pc Shift Shift?
719.3 729.9 —-106 =72 718.2 (14) 731.8 (249) —13.6 —6.1 C-H N-D OPB (doming)
722.7 ? ? 725.7 (127) 711.8 (2) 13.9 C-H N-H OPB (doming)
? 555 ? 209.8 516.3 (4) 555.0 (18) —38.7 207.8 N-D C-H OPB
764.8 742.5 22.3 762.8 (184) 739.3 (275) 23.5 N-H C-H OPB
727.6 722.1 5.5 14.5 727.4 (71) 721.2 (85) 6.2 14.6 N-D IPB, isoindole
deformation
736.6 ? ? 735.8 (68) 756.6 (4) —20.8 N-H IPB, isoindole
deformation
977.8 964.1 13.7 82.1 976.6 (45) 961.5 (89) 15.1 85.5 N-D IPB, pyrrole rocking
1046.2  1033.6 12.6 1047.0 (29) 1033.0 (15) 14 N-H IPB, pyrrole rocking
(1065.6)  1080.2 —14.6 159 1065.0 (8) 1074.6 (112)  —9.6 12.2 N-D C-H IPB isoindole
stretching
1096.1  1090.9 5.2 1086.8 (217)  1086.2 (143) 0.6 N-H C-H IPB isoindole
stretching
(1176.1)  (1188.9) 18.5 62.9 1176.2 (14) 1192.0 (60) —158  68.7 C-D N-D IPB, C-C
stretching pyrrole
1251.6  (1240.4) 11.2 1260.7 (19) 1247.2 (3) 13.5 C-H N-H IPB, C-C
stretching pyrrole
2501.4 2480.5 20.9 829.5 2496.7 (59) 2480.3 (113) 16.4 830.5  N-D stretching (x0.949)
3310.0  3337.1 -27.1 3310.8 (134)  3337.3 (64) —26.5 N-H stretching (x0.931)

¢ Shift HzPC*Dp_PC.

DFT[B3LYP/6-311++G(2d,2p)] Raman Results
10— — — y
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Fig. 8 A comparison of the Raman spectra recorded for H,Pc and
D,Pc. The experimental data were recorded at room temperature in a
KBr pellet with 532 nm excitation. The DFT predicted spectra (shown
by the black traces) were obtained by convoluting the calculated lines
with a 3 ecm™! Lorentzian lineshape function.

1 Optimised geometries. The geometries of ZnPc and H,Pc
were optimised in the Dy, and D, symmetries, respectively,
and the fact that no negative frequencies were observed
indicates that planar structures are predicted for the phthalo-
cyanines with the 6-311+ +G(2d,2p) basis set used. This

result is in contrast to previous DFT calculations'® for ZnPc,
in which a “domed” Cy, structure was found employing a
smaller 6-31G(d,p) basis set. Full geometric details of the
optimised structures of ZnPc and H,Pc resulting from use of
the B3LYP functional are presented as Table S1 in the ESL.{
The atom labelling systems used for ZnPc and H,Pc are those
provided in Fig. 1. It is noteworthy that at this level of theory,
the bond lengths in particular match the crystal data® better
and are shorter than the previous highest level [6-311+ G(d)]
DFT calculation of ZnPc by Nguyen and Pachter.?® A smaller
improvement has been obtained for H,Pc compared with the
results of the recent high level [6-311+ + G(p,d)] calculation
by Strenalyuk er al.?’

2 Vibrational modes. ZnPc with 57 atoms has 165 funda-
mental vibrational modes, which can be categorised as A;,(6),
Asu(®), Bru(D). Bay(7), Ey(28). Aiy(14), Asy(13), Biy(14),
By,(14) and E,(13) in D4, symmetry. H,Pc, with one
additional atom, has 168 fundamental vibrational modes
and, with its reduced D,, symmetry, yields Ay(13), Biy(15),
B1,(28), B34(28), Ag(29), B14(28), Byg(14) and Bs,(13) modes.™
Due to their very close geometries, strong similarities exist
between the vibrational modes of ZnPc and H,Pc. From group
theory correlations, the Ay, [Asy ] and By ¢ [Boy ] modes of
Dy, symmetry are merged in the A, [B,,] modes of Dy,
symmetry, respectively, and the degenerate E, , modes of Dy
symmetry are split in B,, , and Bs, , modes in D, symmetry.
In this perspective, the additional modes of H,Pc compared to
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ZnPc are three gerade modes with A, B;, and B,, symmetries. In
ZnPc (Dy4y), only 36 u modes are infrared-active [A,, and E,
modes] while 55 g modes [A}y, Big, By, and E, modes| are
Raman-active. The corresponding numbers in H>Pc (D»,) are 71
infrared-active u modes [B1,(15), B,,(28) and B5,(28)], and 84
Raman-active g modes [A4(29), B4(28), B1o(14) and B34(13)].

Harmonic frequencies have been calculated for the normal
modes of ZnPc, H,Pc and its isotopomers HDPc and D,Pc.
Frequency values for all the vibrational modes of ZnPc, H,Pc
and D,Pc are provided in the ESIf{ in Table S2 for the
infrared-active modes and in Table S3 for the Raman-active
modes. The 13 optically inactive modes (data not provided)
are found to be exactly similar in H,Pc and D,Pc, with only
very small shifts in frequencies between free-base and zinc
phthalocyanine. An effort was made in these tables to arrange
the corresponding modes of the three species on the same lines.
This mode association has been achieved with the assistance of
the animated pictures generated by Gaussian 03 for the
normal modes. All u modes have g counterparts in the same
range of frequencies—these modes correspond to the same
bond motions but with different symmetries. For instance
DFT results indicate that the intense IR modes in the 1100
to 1200 cm ™' range arise from the IP bending modes of the
aryl ring-C-H bonds. This finding is supported by the
pronounced isotope shifts observed by Gladkov et al.* i
the Raman spectra of ZnPc-d;4 in KBr pellets.

The correspondence between the vibrational modes of zinc
and free-base phthalocyanine is in most cases very clear,
especially for the Bs,, Ag, By, and Bz, symmetry modes of
the free-base. The three additional gerade modes are found, as
expected, to be strongly influenced by NH(D) motions. With
the assistance of animated pictures, it is obvious that fifty—fifty
mixtures of ZnPc A;, and B;, C-H stretching modes are
correlated to H,Pc A, C-H stretching modes. Correlations

n

N-H IPB
1068 cm?

N-H stretch
3556 cm™?

Fig. 9 Vector displacement representations of the N—-H vibrations of
H,Pc calculated with the DFT method for the most intense IR
absorptions. The diagrams depict the extent of the coupling between
the N-H bends and bending of the C—H bonds on the aryl groups. In
contrast, the N—H stretch can be considered a pure, isolated motion.
The frequencies provided are the unscaled DFT calculated values.

are much less evident in the case of the In-Plane Bending
modes (ZnPc E,, A,, and B>, modes) between 1000 and 1500
cm™!' when the N-H(D) In-Plane bending motion of the free-
base perturbs the ring motions (see Part C of the Discussion).
The frequency ratios (vy/vp) calculated for the vibrational
modes of H,Pc and D,Pc highlight the involvement of
N-H motion on the modes. Table 5 presents a summary of
the computed frequency modes involving a wy/vp ratio
significantly different from unity.

Table 5 The vibrational modes of H,Pc exhibiting the largest isotopic shifts upon H-D substitution according to DFT calculations. For
comparison, the vibrational frequencies of ZnPc are also provided. The predicted intensities are given in parentheses for both IR (km mol~!) and
Raman (A* amu ") transitions. The values given in italics are ambiguous correlations between free bases and phthalocyanines. The values in bold

correspond to the highest vy/vp ratio

IR modes Raman modes

ZnPc H,Pc D,Pc ZnPc H,Pc D,Pc

v (int) v (int) v (int) vu/vp v (int) v (int) v (int) vy/vp

Out-of-plane bending

A2u Blu Eg BZg

250 (0) 217 (7) 214 (8) 1.0143 235(2) 220 (3) 214 (3) 1.0276

749 (247) 740 (127) 747 (249) 0.9916 509 (0) 506 (0) S11 (0) 0.9891

123 (11) 778 (184) 566 (18) 1.3744 680 (0) 495 (0) 1.3738

797 (31) 804 (5) 796 (24) 1.0105

In-plane bending

E, By Asy + By, Big

S11(8) 499 (2) 489 (1) 1.0197 589 (0) 580 (2) 563 (2) 1.0305
629 (0) 612 (1) 600 (0) 1.0212

768 (61) 751 (68) 736 (85) 1.0202 864 (0) 841 (1) 880 (0) 0.9563

906 (56) 855 (0) 779 (2) 1.0969 907 (1) 763 (5) 1.1900

1111 (174) 1068 (29) 981 (89) 1.0889 1057 (116) 1050 (228) 1007 (134) 1.0422

1084 (154) 1109 (217) 1096 (112) 1.0114 964 (42) 1107 (43) 1068 (65) 1.0360

1190 (30) 1181 (2) 1170 (32) 1.0096 1157 (0) 1224 (520) 1191 (59) 1.0270

250 (5) 1286 (19) 1216 (60) 1.0576 1232 (741) 1259 (73) 1237 (536) 1.0173

1360 (234) 1568 (8) 1546 (2) 1.0142 1485 (0) 1566 (3) 1550 (14) 1.0105

In-plane stretching

Eu B3u Alg + Blg Ag

250 (5) 3556 (134) 2614 (113) 1.3606 — 3612 (13) 2649 (36) 1.3634
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The assignment of N—H(D) stretching modes is straightfor-
ward for both the B;, and A, symmetry groups, with only one
mode yielding a large vy/vp ratio of 1.36, close to /2.
Theoretically predicted values are 3556 [2614] and 3612
[2649] cm ™' for N-H[D] u and g stretching modes respectively.
The former values when scaled by 0.931 [0.949] are in excellent
agreement with the previously described IR experimental
values. The symmetric Out-of-Plane Bending (OPB) NH(D)
modes (B;, and B,,) also show a similarly high isotopic ratio
(1.37) providing a clear assignment 778 [566] and 680 [495]
ecm™! for the N=H[D] u and g OPB modes respectively.
Conversely, only ratios close to one are obtained in the case
of the In-Plane Bending (IPB) NH[D] modes (B,, and B,
symmetry). Thus it would appear that there is no normal mode
in H,Pc corresponding to a pure IPB motion of the NH groups
alone. As mentioned in the previous work of Zhang er al.,'*
this motion is strongly coupled with the ring breathing modes.
Fig. 9 illustrates the extent of the coupling between IP bending
of the aryl C—H bonds and the N-H bending motions, whereas
the N—H IP stretching modes exhibit pure motions. At least
eight IPB modes of each symmetry are affected by deuteration.
This coupling of the N-H IP bending with other motion is
especially strong for the gerade modes for which correlations
between H,Pc and D,Pc (and ZnPc) modes are difficult to
establish. From animated pictures, the IPB modes involving
the largest NH bending motion (H,Pc) are identified at 1286
(By,) and 1107/907 cm ™! (Bip), and those involving the largest
ND bending (D,Pc) are at 981 (B,,) and 763 cm ™! (Big). These
frequencies are located in a dense part of the vibrational
manifold of free-base phthalocyanine.

IV. Discussion

A IR absorption

The computed IR absorption spectrum of ZnPc is compared
scaled by a factor of 0.98 in the upper panel of Fig. 10 with

IR results, Matrix and DFT data
1.0 LI B e B B R B e e s e s B e e

N, matrix
— DFIT (x 0.98)
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Fig. 10 A comparison of the observed and the DFT predicted infrared
absorption spectra for ZnPc (upper panel) and H,Pc (lower panel). The
experimental data were recorded at 14 K in a nitrogen matrix while the
predicted values were obtained with a DFT calculation using the B3LYP
functional and a 6-311+ + G(2d,2p) basis set. The theoretical lines have
been convoluted with a 1 cm™! Lorentzian lineshape.

that recorded in a N, matrix where the close agreement that
exists, both in terms of the band positions and the band
intensities, is quite evident. Very significant improvement
was obtained by increasing the basis set from 6-31G(d,p) to
6-311++G(2d,2p)—an indication of the importance of
having polarisation functions present. This basis set yields
much better agreement in the region up to 1000 cm™' than
what Tackley er al.'® achieved with the 6-31G(d,p) basis
comparing with data recorded for ZnPc in KBr discs.
Calculated frequencies are compared to experimental results
in Table 1. In the 400-1650 cm ™" spectral range, almost all the
lines with a calculated intensity larger than 3 km mol ™! are
observed and assigned. The symmetries of the modes listed in
the last column were assigned through DFT calculations. Only
two of the well observed bands (reported for KBr pellets at
727 and 782 cm ™) correspond to out-of-plane modes.

Two of the three C-H stretching modes have much larger
computed intensities than the other. According to this finding,
the clearly observed doublet located at 3072.3 and 3093.5 cm ™
in N, should be assigned to these two modes. The additional
structures in the spectra shown in the upper panel of Fig. 3 are
probably due to site effects in the matrix. A third weaker but
clearly identifiable band at 3038.3 cm™' is attributed to a
strong combination band. The third (weakest) C—H stretching
mode, which has not been resolved in the matrix spectra, is
probably a shoulder on the red wing of the 3072.3 cm™! band.

In the lower panel of Fig. 10 the matrix and computed IR
spectra of H,Pc are compared. As found for ZnPc, excellent
agreement exists below 1000 cm ™! but is not quite as good in
the region above this. From a combination of the increased
number of optically active modes in H,Pc and the removal of
the degeneracy of the E modes of ZnPc, free-base phthalocyanine
is expected to have a significantly richer vibrational spectro-
scopy than its metal-counterparts, and indeed, the IR H,Pc
spectrum exhibits more resolved lines than ZnPc. Nevertheless,
due to their similar geometries, a close correspondence exists
between the modes of both molecules as illustrated in Fig. 10,
except around 1000 cm~".

While the IR spectrum of ZnPc is dominated by three nearly
equivalent strong bands between 1000 and 1200 cm ™' (1063.6,
1095.9 and 1117.8 cm ™' in N,) only a single intense feature is
present in the free-base spectrum slightly below 1000 cm™'.
The strongest band in the calculated free-base spectrum is
located at 1016 cm ™! (scaled) and from its dominant intensity,
this mode must correspond to the most intense band observed
at 995.0 (991.5) cm™' in N, (Ar) spectra. The additional
structure on the blue side of the recorded band is attributed
to the presence of small amounts of aggregates present in the
matrix samples.

Correlations deduced from DFT calculations (Table S2,
ESIY) indicate that the 1117.8 cm~! band of ZnPc in N,
(E, symmetry) splits into the 1112.4 and 1120.6 cm~' bands
of H,Pc in N, (B3, and B,, symmetry, respectively) with
moderate intensities. In contrast, the 1063.6 cm~' band of
ZnPc in N, corresponds only to one band of H,Pc located at
1096.0 cm ™" in N, (B,, symmetry) while in the case of the free
base, the corresponding B3, mode shows almost no IR
intensity. Conversely, the most intense free-base B;, mode
located at 995.0 cm™' in N, is correlated with the third
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component in the ZnPc/N, spectrum at 1095.9 cm ™. The B,
counterpart mode of the free base, located at 1047.1 cm™!in
N,, is a weak line which disappears upon deuteration. Of the
IPB modes, this motion involves pronounced N—H bending—
it occurs, see Fig. 9, in combination with in-plane stretching of
the C,—N—C,, bonds in the two pyrrole rings that contain N-H
bonds (calculated at 1068 cm™" in Table 5).

The corresponding Bs, component (995 cm™' in N,) mode
does not involve N—H motion, but is an in-plane stretch of the
C,—N-C,, bonds in the two pyrrole rings (see Fig. 1) that do
not contain N-H bonds. This mode of the monomer is, as
shown by the asterisks in Fig. 7, only marginally shifted in
HDPc and D,Pc, entirely consistent with DFT findings. A
similar finding was made by Zhang et al.,'* based on a
comparison between predicted MgPc and H,Pc spectra. The
large shift of the strong mode not having N-H motion
explains the long-standing conflicting behaviour that the new
mode of H,Pc (which is not present in ZnPc) shows no
dependence on H/D isotope substitution. The present DFT
calculations, including the results obtained for the metallo-
phthalocyanine ZnPc, strongly confirm the mode assignments
and fully explain the unexpected isotope behaviour.

In the C—H stretching region, the recorded IR spectra of the
free-base and ZnPc are very similar as shown in Fig. 3. DFT
calculations for H,Pc predict a splitting of the three bands
occurring for ZnPc. This splitting, arising from the reduced
symmetry in the free-base, is however not evident in the
recorded matrix spectra. Details of NH deuteration effects
on the IR spectra will be discussed in Part C.

B Raman scattering

The computed Raman spectra of ZnPc and H,Pc are
compared with those recorded at room temperature in KBr
discs in Fig. 11, and all the computed peak positions are
collected in Table 2. It is evident from these comparisons that

Raman results, KBr and DFT data
—— T ———
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Fig. 11 A comparison of the observed and calculated Raman spectra
for ZnPc (upper panel) and H,Pc (lower panel). The experimental data
were recorded at room temperature in a KBr pellet with 532 nm
excitation. The predicted spectra were obtained by transforming the
computed Raman activities to Raman intensities with the method
outlined in the text. The theoretical lines have been convoluted with a
3 cm™! Lorentzian lineshape.

very good positional agreement exists in the case of both
molecules. A noteworthy distinction between absorption and
scattering spectroscopies of the phthalocyanines is that both
in-plane and out-of-plane motions are IR-active while only the
in-plane vibrations are readily observed in Raman spectra.
The out-of-plane E, modes of ZnPc, which although allowed
by group theory, are predicted to be extremely weak. In the
computed Raman spectrum, the in-plane A, and B;, modes
carry most of the intensity while the B, modes are much
weaker. Similarly, for H>Pc only two in-plane [A, and B
mode symmetries are found to exhibit significant Raman
activities. As a result of this intensity behaviour, it is found
that only a limited number of modes dominate the recorded
Raman spectra of both molecules. The Raman modes fall
mainly into two categories, those involving motion of the
central ring and those of the aryl and pyrrole parts of the
isoindole groups.

DFT predictions for the Raman intensity seem to be much
less accurate than frequency predictions. For instance, assign-
ment of the strong Raman band of ZnPc (H,Pc) at 1338.3
(1336.7) cm ™! is not straightforward. From DFT calculations,
the most intense band in this range is predicted at 1296.5
(1300.5) cm~', whereas, from frequency positions, the
experimental band could be assigned to either the 1336.5
(1333.7) or 1341.5 (1345.8) cm™' predicted bands, or the
sum of both. From the structure observed in the case of
D,Pc in KBr, the last assignment is preferred as it is consistent
with the observation, depicted in Fig. 8, that the predicted
spectral shift between these two modes is larger for D,Pc than
for H,Pc. According to this attribution, the second most
intense predicted Raman band of H,Pc at 1300.5 cm™" (scaled)
corresponds, as shown in Table 2, to the observed shoulder at
1293.7 cm™"'. This assignment is consistent with the isotopic
shift observed in D,Pc where the shoulder is observed at
1290.8 cm ™! and the predicted value is at 1296.5 cm ™! (scaled).
A possible reason for the intensity discrepancies between the
predicted and observed Raman spectra arises from small
contributions from resonance effects. This was examined in
the earlier work by Tackley ef al.,'> who chose a range of laser
excitation wavelengths from 457 to 1064 nm to record Raman
spectra of ZnPc.

The main discrepancy between the experimental frequencies
and their DFT predicted values concerns the positions of the
two most intense Raman bands located at 1539.5 cm™" (H,Pc)
and 1506.8 cm™~' (ZnPc). For ZnPc the strongest band is
predicted 19 cm™! higher than the observed band while in
H,Pcitis 12 cm ™! higher. The attributions given in Table 2 for
the strongest predicted Raman lines in ZnPc and H,Pc spectra
are unavoidable due to the clear dominance of these bands in
both theory and experiment. Previous calculations by Liu
et al.*® for ZnPc and Strenalyuk et al.?” for H,Pc found even
larger discrepancies for these modes. It is worth mentioning
that this small lack of agreement between theory and experiment
on the most intense Raman mode has been found in the high
level calculations®! of all the Pcs (HoPc, ZnPc, MgPc and
AlPc) for which we have Raman data. We have nevertheless
observed that increasing the size of the basis set leads to
improved agreement for these Bi,/A, modes for both ZnPc
and H,Pc. On the other hand, the existence of well-resolved
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bands at 3080 and 3012 cm ™! in the Raman spectra of H,Pc
and ZnPc, respectively, can be readily attributed to first
overtones of the strongest fundamental modes at 1539.5 and
1506.8 cm™". As the difference between the observed overtones
and the values predicted by simply doubling the fundamental
frequencies is so small (ca. 1 cm ™) it can be concluded that the
anharmonicities of these modes are small.

The most intense 1506.8 and 1539.5 cm™' Raman modes of
ZnPc and H,Pc, respectively, are of considerable significance
since their frequencies shift with the metal centre and as a
result, they have been proposed!® as spectroscopic markers of
the ring size in the Pcs. They are of particular interest to us,
because these are the modes which exhibit amplified emission
with pulsed laser excitation.” DFT calculations reveal that this
mode involves the same motion in both ZnPc and H,Pc
corresponding to the antisymmetric stretch of the four
bridging C,—N,,—C, bonds and symmetric stretching of the
CyNzna1—C,, bonds in the four pyrrole groups (see Fig. 1).
From these descriptions, it is clear that this normal mode
involves stretching of all 16 C—N bonds in the central ring of
the tetrapyrrole.

The first overtones of the strong fundamentals in the 1300 to
1550 cm ™' range make it difficult to locate the positions of the
weak symmetric fundamental C—H stretching modes of both
ZnPc and H,Pc in the experimental spectra. Symmetric and
antisymmetric C—H stretching modes are predicted with very
similar frequencies. By eliminating easily identifiable overtone
bands and with the help of DFT calculations, the strongest
Raman active C-H mode of ZnPc can be identified at
3086.9 cm™'. The corresponding band of H,Pc has not been
identified as it is overlapped by a stronger (factor of 20)
overtone band at 3080 cm™' as shown in the panel on the
right in Fig. 4.

C Isotope shifts

Table 5 summarizes the vibrational modes influenced by N-H
deuteration as predicted by DFT calculations. One can notice
that theoretically none of these modes exhibit strong Raman
activity. In particular, no N-H out-of-plane modes are
predicted to be observable in the Raman spectrum. Fortuitously,
the new IR experimental data give much more information on
these modes. In the D,y point group, only the By, B,, and Bs,
symmetry modes are infrared active. These are the symmetries
of the out-of-plane N—H bend (NH-OPB), the in-plane N-H
bend (NH-IPB) and the antisymmetric N-H stretch modes
respectively. DFT values reported in Table 5 indicate that
these three kinds of modes (in u and g symmetries) should
appear in three distinct spectral ranges 3500-800 cm ™',
800-1300 cm ' and around 2500 (D)/3500 (H) cm'
respectively. Table 4 summarizes the IR experimental isotopic
shifts compared with DFT calculations, allowing a more
complete description of these modes.

1 N-H stretching modes. The antisymmetric N-H
stretching mode has been identified at 3290 cm™' in KBr
pellets'? and at 3273 cm ™' in Nujol.'> This assignment has
been supported by the observation of the N-D antisymmetric
stretching at 2458 cm~!. Our matrix results also confirm this
assignment with the N—H stretching mode of H,Pc observed in

Ar (see Fig. 3) at 3310 cm ™! while the N-D stretching mode of
D,Pc is at 2480.5 cm™". For a molecule such as HDPc with Cs,
symmetry, the N-H and N-D bonds are inequivalent and both
stretches are expected. Accordingly, the N-H stretch mode of
HDPc is observed at 3337.1 cm™" while the N-D stretch is at
2501.4 cm™". It is clear in Table 4 that the experimental and
calculated shifts for the N-H stretching modes in H,Pc and
HDPc are in very good agreement. The same can be said for
the shift of the N-D stretching modes in HDPc and D,Pc.

As previously mentioned, the symmetric N-H stretching
vibration of H,Pc (the highest frequency fundamental mode) is
predicted to be only very weakly Raman active but the present
KBr spectra do show a weak band at 3343 cm™' which could
be identified as this stretching mode. Its location is indicated
by the arrow in Fig. 4. A slightly more pronounced band is
observed in the Raman spectrum of D,Pc at 2504.7 cm ™'
which can be assigned to the symmetric N-D stretching mode.
This is in agreement with DFT results but the location of this
N-D mode is in a spectral region where stronger combination
and overtone bands render its identification difficult.

2 In-plane bending (NH-IPB) modes. Because of its absence
in KBr IR spectra of metal-phthalocyanines, Shurvell and
Pinzuti'! assigned the most intense band of H,Pc at 1006 cm ™!
to an N-H deformation. However, this assignment to the N-H
bending mode appears now to be incorrect for the reasons
presented previously in Part A. Consistent with experiments,
DFT calculations show the corresponding unscaled band
(with Bj, symmetry) at 1037.22 ecm™! in H,Pc and at
1037.12 cm ™' (unscaled) in D,Pc.

As mentioned in Part A, DFT calculations reveal that the
corresponding B,, mode occurs at a higher frequency but with
greatly reduced intensity. In H,Pc it is predicted at 1068.4 cm ™!
(unscaled) and weaker by a factor of more than 20 relative to
the most intense mode in the IR spectrum. The corresponding
mode in D,Pc is located at 981.15 cm™' (unscaled) but
stronger by a factor of 4 than its H,Pc counterpart. The
locations of these modes in Ar are indicated in Fig. 7 by the
arrows (and numbered 3) while the stick spectra present the
scaled (x0.98) DFT-predictions. This band was found to
exhibit the largest shift upon deuteration among the observed
IPB modes. The agreement, evident in Fig. 7, between experi-
ment and theory for the isotope dependence of this mode is
excellent. The N-D IPB mode of HDPc is located at 977.8
cm™!, consistent with scaled DFT predictions, but the N-H
IPB mode of HDPc (predicted at 1033 cm™! with a very low
intensity) is masked by an artefact of the difference method
used in generating the spectrum shown. The most likely
position of the mode of HDPc is indicated by the upward
arrow on the left in Fig. 7.

In a molecule as large as phthalocyanine, it is important to
remember that the vibrational modes are strongly coupled
and only the N-H (and N-D) stretching vibrations can be
considered to be a pure motion. This coupling is the primary
reason why so many different assignments of NH-OPB and
NH-IPB modes have been made because attributing them to
the experimentally observed modes is not direct. This difficulty
is especially severe in the case of the N-H IPB modes. An
indication of the strongly coupled nature of the N—H-bending
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modes is depicted in the vector diagrams presented in Fig. 9.
As a result, none of the mode correlations yield a vy/vp ratio
larger than about 1.1.

The highest frequency N-H IP bending mode we have
found in DFT calculations of H,Pc is at 1567.89 cm ™! which
shifts only to 1545.9 cm ™' in D,Pc. The vibrational frequencies
calculated by Zhang er al.'* with the smaller 6-31G* basis set
are lower—at 1533 em ™! for H,Pc, shifted to 1514 cm ™! in
D,Pc—but consistent with our findings. The reason for the
small vy/vp ratio of 1.014 for this mode becomes evident from
the vector displacement diagram where it is clear that this
mode is primarily stretching of the bridging C,—N,—C,
bonds—a motion which only secondarily induces NH-IP
bending. Dispersion of the NH-IP bending mode amongst this
and other stretching vibrations reduces the vy/vp ratio making
this mode very difficult to identify in isotope substitution
work. Moreover, the mode at 855 [779] cm ™!, which corresponds
to the most pronounced deuteration effect in the ungerade NH
IPB modes, is also predicted to have a vanishingly small IR
activity.

Five of the N-H IPB modes reported in Table 5 are
observed in IR matrix spectra of H,Pc, but only the four
located at 1251.6, 1096.1, 1046.2 and 736.6 cm™ ! in Ar are,
with the help of DFT calculations (see Table 4), intense
enough to be followed upon deuteration. The first of these is
numbered (1) and marked by an arrow in the panel on the
right of Fig. 7. The assignments given for the bands in the
HDPc spectrum are only tentative as the predicted IR
intensities are very weak for this mode. The second mode,
involving a small isotopic shift from 1096.1 for H,Pc to
1080.2 em™! for D,Pc in Ar, is the most intense and is clearly
observed as indicated by number 2 in the left panel of Fig. 7. In
the HDPc case only the NH component at 1090.9 cm ™! in Ar
is intense. The third one was discussed above and is marked by
arrows and numbered 3 in Fig. 7. The last one present at
736.6 cm ! is included in the spectral range corresponding to
NH OPB modes and is indicated as IP; in Fig. 6. According to
DFT predictions, this mode appears at 722.1 cm~' for D,Pc
and at 727.6 cm™' for HDPc in Ar. Only one of the two
predicted components of HDPc has a significant intensity.

Five of the symmetric N-H IPB modes are observed with
weak intensities in Raman spectra. Their frequencies are given
in Table 2 at 888.9, 1025.5, 1081.4, 1190, and 1227.8 cm™"
while their unscaled DFT values are listed in Table 5 as
907, 1050, 1107, 1223 and 1259 cm™". According to DFT
calculations, the deuterated counterpart of the first band
should be located at 747.7 cm ™! (scaled) but is not distinguishable
in the D,Pc spectrum. In contrast, two of the new bands
observed for D,Pc at 986 and 1044 cm™! are the deuterated
counterparts of the two following bands. The fourth band at
1190 cm ! does not appear in the D,Pc spectrum, and the fifth
band is slightly shifted to 1219.5 em™! in the deuterated
sample, in very good agreement with theoretical predictions.
These observations? reinforce the assignment of these bands
to gerade NH IPB modes. As most of the modes involving
Raman activity are present in fluorescence spectra, these
results can also be related to the emission work of Shkirman
et al.®® They show that deuteration of H,Pc had only a weak
effect on the fluorescence, consistent with the findings of the

present Raman spectra and DFT computations. Shkirman
et al. noted the disappearance of a mode at 1357 cm ™" together
with the appearance of a mode at 990 cm~' upon H/D
substitution. The assignment of the first mode to H,Pc is
doubtful, because it is absent in our experiments and calculations,
but the mode at 990 cm ™' is in a perfect agreement with the
Raman active ND IPB modes measured at 986.1 cm™'
(1007 cm™! in Table 5).

3. Out-of-plane bending (NH-OPB) modes. The anti-
symmetric NH-OPB mode has previously been assigned to
several bands in the 710-760 cm™' range. According to
Shurvell and Pinzuti!! it is the band at 716 cm™!, while
Sammes'? identified it as the band at 735 cm™!, which shifts
to 549 cm ™' in D,Pc. However, as shown in Fig. 2 this spectral
region is extremely complex in KBr spectra due to the presence
of multiple bands, most of which are cluster related. In our
matrix spectra, only a single H,Pc band clearly disappears in
this region upon deuteration. As shown in Fig. 6 this is the
764.8 cm ™! band (labelled OP;) of H,Pc in Ar. In contrast to
the IP bending modes, DFT calculations predict a clear
correlation for the OP bending modes between the high
frequency modes in H,Pc and the low frequency modes in
D,Pc. Thus for one specific IR mode of H,Pc at 778.36 cm™ ! a
shift to 566.3 cm ! (unscaled values) is expected as indicated in
Table 5. For this reason we assign the band around 765 cm™"
as the main NH-OPB mode of H,Pc. In Ar the band of HDPc
shifts to 742.5 cm ™', in agreement with the DFT calculations
showing an unscaled frequency of 754.4 cm™' for the only
HDPc OP mode with a large IR intensity in this region. The
calculated frequency for the ND-OPB mode in D,Pc
(566.3 cm~' unscaled) is in good agreement with earlier
predictions of Zhang et al.'* Unfortunately, the D,Pc mode
is so weak that it is not easily detected. However, a very weak
band has been observed in an Ar matrix at 555 cm™'. On the
other hand, a weak new band at 777.8 cm™" appears in D,Pc
spectrum, it corresponds to the unobserved band calculated at
804 cm ™" (788 cm ™' scaled) for H,Pc.

Fig. 6 shows a triplet centered at 730 cm™! in the H,Pc
spectrum, becoming very complex in HDPc and congested in
D,Pc spectra. The most intense component at 731 cm™ " in Ar
(labelled IP; in Fig. 6) is assigned to a B;, mode and is nearly
unshifted upon deuteration. It produces, as shown in Fig. 6,
one part of the broad, structured feature in HDPc and D,Pc.
The highest energy component is the NH IPB mode discussed
in the previous part (IP;), shifting from 736.5 to 727.6 to
722.1 em™! from H,Pc to HDPc to D,Pc in Ar. This band
constitutes the lowest frequency component of the D,Pc
spectrum. The last component of the triplet (OP, at
722.8 ecm~' in Fig. 6) at the lowest frequency in the H,Pc
spectrum is another NH OPB mode. As reported in Table 5 it
is affected by deuteration but in an unexpected way. This
mode is predicted at 732 cm™(scaled) in D,Pc, i.e. at the same
frequency as the Bz, mode, explaining the experimental
broadening (or structure in N,) of this band. A comparison
of scaled (x0.98) DFT frequencies is presented in Fig. 6 with
the recorded spectra showing very close agreement.

A surprising finding of the present and Zhang’s earlier'*
DFT calculations is that this last N-D OP bending mode of
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Fig. 12

DFT predictions of the isotope dependence of the IR-active OPB B, modes in H,Pc and D,Pc calculated at 0.05 amu increments. The

vector displacements, two of which are shown on either side of the plot, were used in establishing the correlations. The numbering of the modes

shown in the legend corresponds to that provided in Table S2 (ESIf).

D,Pc is predicted at a higher frequency than the corresponding
mode of H,Pc. Such behaviour is predicted for a few other
modes, as revealed in Table 5. An analysis of this unexpected
behaviour now follows.

4 Inverse isotope substitution effects. In order to correlate
the complex frequency shifts of H,Pc and D,Pc, the DFT
computed frequencies were generated by increasing the masses
of the two central hydrogens from 1 to 2 amu in increments of
0.05 amu. The results of this calculation are shown in Fig. 12
for B;, symmetry between 550 and 850 cm™~'. The correlations
were made by visually inspecting the vector displacement
diagrams, four of which are presented in the figure.

From the vector diagrams shown in Fig. 12, it is evident that
the purest N-H OPB modes in H,Pc is located at 778.4 cm ™"
(unscaled) which shifts down to 566.3 cm™! in D,Pc. This
correlation results in the expected (within the accuracy of the
DFT calculation) wvy/vp ratio of 1.374 for H/D isotope
substitution in a ““pure” N—H mode. The large frequency shift
of the pure NH-OPB mode results in it crossing several other
out-of-plane bending modes. These crossings are more or less
avoided depending on the coupling between modes. In Fig. 12,
it is clear that there is almost no avoided crossing with the
mode at 704 cm ™! which, as shown, involves no NH bending.
In contrast, there is a strong avoided crossing with the mode at
740 (747) cm ™! in H,Pc (D»Pc). These values when scaled by
0.98 (725.7 and 731.8 cm™' in H,Pc and D,Pc respectively)
correspond to the resolved bands at 724.7 (H,Pc) and
730.9 cm™! (DyPc) in N,, shown in the middle panel of
Fig. 6. The isotope frequency shift of this mode, labelled
OP,, is depicted in the panel on the left of Fig. 6 for data

recorded in Ar. A consequence of this avoided crossing is that
the 740 cm™! H,Pc mode exhibits the unusual behaviour of
having an increased frequency (747 cm™') in the heavier
isotopomer.

Even though this is a small upward shift (vy/vp = 0.992) it
greatly complicates the recorded spectra as it occurs in the region
where two strong in-plane modes of H,Pc (D,Pc) are located at
7309 (728.0) and 736.4 (722.1) cm™! in N,. Contrary to
expectation, the mode-crossing results in the lowest frequency
mode (OP,) of the 730 cm~' H,Pc triplet, shifting up to the
highest frequency mode of the D,Pc triplet. These calculations
show clearly that the triplet in D,Pc involves an NH-OPB mode
but distinct from the two strong bands in HDPc and H,Pc at
742.5 and 764.8 cm ™! (values in Ar) respectively.

The last important avoided crossing evident in Fig. 12 is
located near the mass 1 (H,Pc). In fact, while the 566 cm ™!
mode of D,Pc involves almost pure ND motion, the 778 cm ™!
mode of H,Pc also exhibits CH bending motions. Similar
curvature is present for the weak IR active mode of H,Pc at
804 cm~'. The motion of this vibrational mode is depicted in
Fig. S3 (ESI+) as is the corresponding 796 cm™"' mode of D,Pc.
This curvature indicates that the coupling of the N-H(D)
bending motions appears only in the vicinity of mass 1.

Such correlation diagrams have been calculated for the
modes of all the symmetry groups. The results are presented
in Fig. S2 of ESIf in the spectral range of the NH OP and IP
bending modes (Biy, Boy, Big, B symmetry groups). Whereas
few crossings occur between masses 1 and 2 for OPB modes,
the diagrams are much more complex for IPB modes, involving
both large avoided crossings and traversal of un-coupled
modes. In all cases where a v/vp ratio of less than 1 occurs, it
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is evident from the mode correlation diagrams that it results from
avoided crossings. Moreover, the vector displacement diagrams
reveal that in these cases, the direction of the N-H bending
motion changes between the light and the heavy isotopomers.

V. Conclusions

The use of the low temperature, matrix-isolation technique
provides narrow IR lines and spectra that are largely free of
aggregate species compared with conventional sampling methods.
It allows new assignments of the N-H In Plane Bending
(NH-IPB) and N-H Out-of-Plane Bending (OPB) IR modes
of free-base phthalocyanine. The assignments were confirmed
by isotopic substitution with deuterium for the two central
N-H bonds and by DFT calculations. The calculated frequencies
are in very good agreement with the experimental values.

DFT calculations are an indispensable tool for band
assignments and essential for predictions of non-observed vibra-
tional modes. They are conducted on the three isotopomers of
the free-base (H,Pc, HDP, and D,Pc) together with a metallo-
phthalocyanine (ZnPc). An overview of the vibrations of these
molecules is necessary to achieve global assignments and
establish correlations between the modes of the four molecules.
All the computational data, combined with IR and Raman
experimental results, give a comprehensive overview of the
vibrational behaviour of phthalocyanines, with a specific
emphasis on the NH motion of the free-base molecule.

The NH stretching modes are confirmed to be well isolated
from other motions of the Pc skeleton. Thus the NH(D)
antisymmetric stretch of H,Pc (D,Pc) is located around 3310
(2480) cm ™" in rare gas matrices (a slightly higher value than in
KBr) while the NH(D) stretch of HDPc is at 3337 (2500) cm ™'
in the same solids. The H,Pc (D,Pc) symmetric stretch is
predicted 52 (34) cm™! above its antisymmetric counterpart,
corresponding to very weak bands of Raman spectra in KBr
located at 3343 cm ™! (2504 cm ™).

Of the out-of-plane bending vibrations two modes, one of
gerade symmetry the other ungerade, are clearly assigned to
bands around 700 cm™" for NH and around 500 cm™" for ND.
The symmetries of these modes are specified in Table 5 as By,
and By, respectively. Only one of these two modes is IR active
in HoPc and D-Pc, specifically it is observed at 765 cm™' and
555 cm™ !, respectively, in rare gas matrices. The corresponding
NH band of HDPc has been experimentally identified at
742 cm™', whereas theoretical results clearly show a less
isolated NH bending motion in this isotopomer. In partial
agreement with Zhang’s results,'* we find other OPB modes
affected by H/D substitution.

Calculations established that previous assignments of the IR
NH-IPB in H,Pc and D,Pc in KBr or Nujol were not correct.
The present work leads only partly to the same conclusions as
Zhang’s calculations. The NH-IP bending modes are spread
out over more than eight modes, four of which have been
clearly identified in the matrix IR spectra. The others are
predicted to be too weak to be observed. The IPB most
affected modes by NH(D) motion are located between 750
and 1250 cm™! for both IR and Raman modes. The largest
observed vy/vp ratio for this kind of mode is 1.085 for the
band at 1045 cm ™! in the IR spectrum of H,Pc in rare gas

matrices. The small ratio arises as a result of the strong
coupling it has with other modes and its ensuing dilution over
these modes.

Several N-H bending modes are predicted to exhibit the
peculiar behaviour of having vy < vp in H/D substitution work.
Only one of these, an OPB mode, is observed in the infrared in
the 730 cm™" region. This behaviour can be traced back to the
avoided-crossing of these modes by the “pure” N-H OP bending
mode. This unusual effect has been examined in a theoretical
study involving a continuous change of the isotopic mass from
H,Pc to D,Pc. A consequence of this frequency increase in the
heavier isotopomer is that the direction of the N-D OP bend is
reversed from the N-H OP bending.

The spectral window between the C—H stretching and the N-H
stretching modes (3100-3300 cm™') was carefully examined in
the low temperature matrix-IR spectra for evidence of the cis
isomer of H,Pc, predicted by DFT calculations from the work of
Strenalyuk er al>’ to absorb in this region. One unaccounted
band is located at 3104 cm™" in Ar and using the scaling factor of
0.931 we found appropriate for the N—H stretch, it is close to the
predicted value of 3094 cm ™! (unscaled 3323 cm ™). However, as
this band is only a partially resolved feature on the shoulder of
the strongest C—H stretching mode of the dominant trans form,
the existence of the unstable cis isomer cannot be identified in the
present study. To examine this possibility adequately, one would
propose working with H,Pc-d|s but in addition, a means of
increasing the content of the cis form must be utilised. A possible
approach for enhanced isolation of the cis form involves
electronic promotion of the interconversion of the two trans
forms of H,Pc isolated at low temperatures.

The Raman spectra of H,Pc in KBr reveal, as presented in
Fig. 13, a striking resemblance with the fluorescence recorded
by us for the same molecules isolated in rare gas and nitrogen
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Fig. 13 A comparison of the experimentally recorded Raman spectrum
and the visible fluorescence spectrum of H,Pc in an Ar matrix. The
correspondence between the two spectra is striking especially with regard
to the line positions. DFT prediction of the ground state vibrations
clearly allows assignment of the emission bands. The numbering provided
shows the most intense modes in both Raman and emission whose
motions have been determined in DFT calculations.
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matrices.>!'® The very evident similarities between the recorded
Raman scattering and the matrix fluorescence spectra indicate
the close correspondence between the vibrational levels
accessed in these transitions. This behaviour can be under-
stood when it is noted that the observed Raman modes all
involve in-plane vibrations and it is known”* that the
fluorescence lines involve gerade, and in-plane vibrational modes
of the ground state, more precisely Ay, Ao, Big and B, modes
for ZnPc and A, and B,, modes for H,Pc. Since the selection
rules for Raman scattering and S;—S, vibronic intensity distribu-
tions are very similar, the present Raman analysis will be very
useful for band assignments of the emission spectra.

The ground state vibrational analysis conducted in this
study is an essential precursor to understanding the transitions
to and from the first excited electronic states. The Raman
active N-H in-plane band observed at 1026.3 cm™!' is
identified as the most likely mode capable of coupling the
v = 0 level of the S, (Qy) electronic state and vibrationally
excited levels of the S; (Qy) states of H,Pc. Moreover, its shift to
986.1 cm ™' for D,Pc is fully consistent with Bondybey’s results®
on fluorescence excitation of the H,Pc and D,Pc in solid Ar. The
present results mark the beginning for a global analysis of the
structure—frequency relationships of the Pcs with its parent
molecule tetraazaporphine (TAP) and ultimately with the related
family of porphine molecules. Currently no reliable, narrow line
experimental data are known to exist for H;TAP and while DFT
predictions have been published,®> no isotopic substitution
results (either experimental or predicted) are available for the
isotopomers HDTAP and D,TAP. This deficiency will be
addressed by us in the near future as we plan to record the
matrix IR spectra of H,TAP and perform DFT calculations of
the isotopomers of this molecule.
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