Chapter V: Visible Spectroscopy of ClGaPc Isolated in Inert Gas Matrices
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Figure V.A6: Example of a 2D Excitation-Emission scan of GaPcCl/Ar. Emission and
excitation ‘slices’ were extracted from files such as this for presentation in the present
chapter.
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Figure V.A7: Comparison of the absorption and excitation spectra of GaPcCl/Ar.
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Chapter VI: Amplified Emission of GaPcCl Isolated in
Inert Gas Matrices

VI.1: Introduction

This chapter develops the results presented in Chapter V for GaPcCl isolated in inert gas
matrices, where the molecule was shown to exhibit amplified emission (AE). The
vibrational mode responsible for AE is identified using DFT calculations, by comparing
the amplified band to the vibronic bands observed in emission spectra presented in Chapter
V. The site splitting of each matrix host is probed by employing 2D excitation-emission
(2D-EE) plots in the region of the AE bands. Emission and excitation ‘slices’ of the 2D-EE
plots are extracted to highlight the main spectral features within a given matrix sample. A
comparison of the different matrix hosts is provided by concentrating on the emission
spectra. The results of annealing the matrix are also presented, with an emphasis given to
the Ar system, where the most significant effects were observed. The phonon structure of

GaPcCV/Ar is investigated with the so-called Wp lineshape function.

VI.2: Experimental

Matrix-isolation experiments were conducted in the Low Temperature Laboratory at
Maynooth University, using the apparatus described in Chapter II. Matrix samples were
prepared in a variety of hosts which included the molecular gas N> and the rare gases Ar,
Kr and Xe. From the absorption data presented in Chapter V, it was determined that the
minimum optical density (OD) a sample required in order to exhibit AE was in excess of
2.5. All data presented in this chapter was recorded using a pulsed dye laser for excitation
and the time-gated iCCD Camera for detection. Unless otherwise stated, the high
resolution 1200 grooves/mm grating installed in the SP-5001 monochromator was used for

the recording of spectra.
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VI1.3: Results

The phenomenon of amplified emission was, as indicated in Chapter V, observed for
GaPcCl isolated in each of the matrices examined in the present study. A summary of the
AE spectra recorded in the four inert gas hosts is shown in Figure VI.1. A vibronic band,
located in the range of 1532 — 1547 cm™ (depending on the host) from the 0-0 in emission
is observed to exhibit amplified emission. Table VI.1 gives the location of this vibronic
band in each host, as well as the recorded Raman and predicted DFT Raman values. For
ease of discussion, the frequency of this mode in Ar (1540 cm™) will be used from this
point onwards when referring to the AE vibrational mode. The left panel of Figure VI.1
demonstrates the striking enhancement in the intensity of the vibronic band at 1540 ¢cm’!
when it undergoes AE compared to fluorescence. In Ar samples the emission band at
747.16 nm achieves a 20-fold increase in intensity with the increased laser excitation
energy. In contrast, the emission band at 736.66 nm is only 1.1 times more intense with the
increased laser energy. A similar phenomenon is observed in the other matrices, although
the extent of the intensity change is variable and is highly dependent on the laser intensity,

sample concentrations and site occupancies.

Table VI.1: Vibrational frequencies of the vibronic band of GaPcCl in emission associated
with AE for each host material. The values reported in the matrices have been extracted
from the red-most site. The KBr and DFT Raman results are shown for comparison.

Host Material | Frequency (cm™)
Ar 1540
Kr 1541
Xe 1547
N> 1532
Raman (KBr) 1523
Raman (DFT x 0.98) 1552
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Wavelength (nm)
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Figure VI.1: Fluorescence (red trace) and amplified emission (black trace) of GaPcCl
recorded in Ny, Ar, Kr and Xe at 10 K. The left panes show the increased intensity of the
vibronic band at ~1540 cm™ in the AE spectrum compared to the fluorescence. The right
panel shows the normalized plots and clearly demonstrates the narrowness of the AE bands
compared to those of the fluorescence bands.

The right hand side panel of Figure VI.1 shows normalized plots of spectra exhibiting
fluorescence and amplified emission recorded in each matrix. These spectra clearly
demonstrate the narrow linewidths of the AE bands compared to those of the fluorescence
bands. This characteristic will be exploited in the present chapter to gain additional
information on the features present in the host solids. Although the actual wavelength
position of the AE band shifts depending on its environment, it is always the same vibronic
transition that is responsible for the effect — the vibrational mode around 1540 cm™. Figure
VI.2 shows the amplified emission of GaPcCl recorded in the various matrices plotted as
their shift from the band origin. When plotted in this manner it is clear that the same
vibrational mode is associated with amplified emission in each matrix. In a similar manner

to Figure V.44, the emission bands shown in Figure V1.2 (dashed lines) in each matrix also
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show excellent agreement, exactly what is expected given the results presented in Table
V.12. Due to the same vibrational mode being responsible for AE in every matrix, it is
possible to use this phenomenon to analyse the different sites occupied in each host. This
will be presented ahead in Section V.4.VI, where 2D-EE plots will be used to characterise

the site splitting.

Amplified Emission
Aex (nm) — — — Fluorescence

Normalized Intensity

500 750 1000 1250 1500
Shift from v, (cm™)

Figure VI.2: Amplified emission of GaPcCl (solid trace) recorded in N2, Ar, Kr and Xe at
10 K plotted as their shift from the band origin (vo.0). The normalized emission (dashed
trace) from the same scan is also presented to show that there is also good agreement for
the vibronic bands in each matrix. The dashed vertical line highlights the location of 1540
cm’ on the scale.

The dependence of the intensity of the amplified emission was investigated by varying the
laser energy and monitoring the effect it had on the intensity of a fluorescence band and the
AE band, the results of which are shown in Figure VI1.3. This was achieved by keeping the
wavelength of the dye laser constant and changing its energy. As described in Chapter V,

the dye laser was operated under two conditions; the first used only the oscillator, which
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has a typical output of ~10 pJ/pulse, while in the second the pre-amplifier was used which
has an energy of ~100 pJ/pulse. Generally only fluorescence was observed with the
oscillator. The energy of the pre-amplifier beam hitting the matrix window was reduced by
placing neutral density filters in the path of the beam. The intensity of the laser beam was
measured at the sample window prior to an emission spectrum being recorded. The data
shown in Figure VI.3 is for the dominant site in emission at 747.2 nm for GaPcCl/Ar,
produced with excitation at 670.3 nm. The band exhibiting amplification at 747.2 nm is
represented by the red triangles. For comparison, normal fluorescence from a nearby
vibronic band at 736.7 nm is also shown in Figure VI.3, which is not amplified with the

increase in laser pulse energy.
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Figure VI.3: The dependence of the amplified emission intensity of GaPcCl in Ar with
respect to the excitation laser energy. The red triangles show how the intensity of band at
747.2 nm increases dramatically as the laser energy increases from 10 pJ/pulse to 100
w/pulse. The black squares show how a regular fluorescence band at 736.7 nm is not
significantly affected by the increasing the laser intensity. The inset shows up to laser
energies of around 50 pJ/pulse. On this scale it can be seen that only a small difference
manifests between the intensity of the fluorescence and the AE bands when low laser
energies are used.
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At lower excitation laser energies (< 20 pJ/pulse) the intensity of the two bands being
monitored is almost identical on the scale shown. As the intensity increases up to around
45 wl/pulse it is evident that there is a slightly higher intensity associated with the AE
band. When the energy of the laser is increased above 50 pJ/pulse the intensity of the band
at 747.2 nm is greatly enhanced compared to the band at 736.7 nm. At this energy
stimulated emission has been ‘switched on’, having reached a certain threshold value. As
the laser energy is increased even further, the AE band gains more and more intensity until

the iCCD becomes saturated at laser energies above 90 pJ/pulse.

Excitation scans of the AE vibronic band of GaPcCl were recorded in the same manner as
the excitation spectra of the fluorescence bands shown in Chapter V. The excitation spectra
of the dominant site in each matrix are presented in Figure V1.4 as their shift from the band
origin. The excitation spectra recorded of the AE bands are far more resolved than those
recorded of the same fluorescence bands. Spectra recorded in Ar and Kr each contain a
sharp band corresponding to the zero phonon line (ZPL) of GaPcCl which has been
identified with the dashed line in Figure VI.4. Ar shows the most resolved ZPL, which can
be easily identified for a number of different sites. This will be discussed in more detail in
Section VI.4.1I. The ZPL is noticeably weaker in Kr, and is difficult to identify in Xe and
N». A weaker PSB band is present to the blue of the ZPL in Ar, but cannot be identified in
the other matrices. A much broader band is evident in Ar and Kr hosts up to around 50 cm"
! and out to 100 cm™ in N, and Xe. These features are too broad to be considered vibronic

bands, so may originate from a different species in the matrix, possibly an aggregate.

Vibronic bands in excitation are observed in each matrix from 100 cm” and are quite
similar up to 750 cm™. The most resolved bands are observed in Ar, which is due to the
massive intensity of the AE bands. These bands also have the narrowest linewidths of any
recorded in the rare gas matrices in the current study. The positions of the bands in Kr and
Xe are in good agreement with Ar. GaPcCl/N; shows different excitation spectra for the
AE bands with broad, unstructured profiles extending up to 750 cm™. While the positions
of the broad vibronic bands in N> roughly match those observed in the rare gas matrices,
they are not sufficiently resolved to make a proper comparison. The positions of the
vibronic bands in excitation are given in Table VI.2. The high resolution excitation spectra
recorded for the AE bands of GaPcCl allow for highly accurate positions of the vibronic

bands to be extracted, as their absolute shift from the ZPL can be easily determined. As
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such, the values in Table VI.2 are given to more significant figures than the corresponding

numbers in Table V.10.
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Figure VI.4: Excitation spectra of the amplified emission band of GaPcCl isolated in
various matrices. The dashed vertical line represents the location of the ZPL in each host.

The vibronic bands in excitation are consistent for all sites in the matrix. To demonstrate

this, a series of excitation spectra of GaPcCl/Ar are shown in Figure VI.AS as their shift

from vo.o in excitation. It is evident from this plot that the vibronic bands are common to all

of the excitation spectra extracted at the given emission wavelengths. The main difference

between spectra shown in this figure is the broad band below 50 cm™, which will be

discussed in detail in Section VI.4.1l.a. While only the Ar results have been presented, the

same argument is valid for the excitation spectra recorded in the other matrices in the

current work.
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Table VL2: Vibronic bands in observed in the excitation spectra recorded for the AE band
of GaPcCl in various hosts. All values are given in cm™ and have been taken as their shift
from the 0-0 band in excitation.

N2 Ar Kr Xe
- 4.45 6.13 6.91
- - 17.55 17.27
26.97 26.76 28.99 31.99
48.62 - 49.26 47.60
- 109.43 - 114.77

158.71  140.21  133.57 149.02
- 167.48  165.77 -
- 191 198.11 195
- 217.73  218.85 -
237.01  246.19 238.74  225.12
- 27939 27721  262.56

- 305.01 - 315.49
- - - 384.21
498.87 - 48249  464.58
- - - 525.43
583.65 586.73 58791  566.26
- - 623.05 -
673.28 678.65 676.55 658.00
725.39 - 71499  728.01

791.75  748.05  743.94  790.03

From the data presented in Figure V1.4 it is clear that the sharpest ZPL and vibronic bands
in excitation occur in the Ar matrix. A lineshape analysis of the emission and excitation
spectra of the site furthest to the red of GaPcCl/Ar is presented in Figure VI.5. The regions
where these emission/excitation spectra were extracted are shown in the 2D-EE plot shown
in Figure VI.A2. This site was chosen because it is known from Chapter V to yield the
simplest emission spectrum. Furthermore, being the most red site enables only a single site
to be excited, which allows for the true structure of the bands in emission and excitation to

be recorded.

Both spectra show a sharp and intense band which corresponds to the ZPL, as well as some
weaker bands. A Wp line fit was performed on both the excitation and emission
bandshapes. The position of the band origin (voo), or ZPL in this case, was located at
14918 and 13384 cm™ in excitation and emission respectively. The gap between the ZPL
and PSB, /e, was measured to be 4.4 and 3.9 cm™ in excitation and emission respectively.

Both spectra were recorded at 9.8 K and had a linewidth (fivhm) of 1.3 cm™. The electron-
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phonon coupling strength, S, was found to be 0.2 following the fitting procedure outlined
in Section I1.10. When these parameters were substituted into the Wp function given by

Equation II.14, the band profiles shown by the black traces in FigureVI.5 are generated.
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Figure VL.5: A comparison of the emission and excitation spectra recorded from the red-
most site of GaPcClI/Ar. The locations through which these slices were taken from are
shown in Figure VI.A2. The zero phonon line and phonon side band are clearly visible in
both excitation (left panel) and emission (right panel). The Wp fit was performed within
the single-configurational-coordinate model described in Chapter II using Equation II.14.

The left panel of Figure VI.5 shows the excitation spectrum in the region of the ZPL,
which is located at 670.32 nm (14918 cm™). A weaker band to the blue at 670.12 nm
(14923 cm™) corresponds to the first PSB. The Wp fit matches these bands very closely. A
broad unstructured band even further to the blue, centred on 669.2 nm, does not exhibit any
resolved ZPL or PSB (or the vibronic bands from Figure VI.4), suggesting the existence of
a different species such as an aggregate. This proposal will be discussed in more detail in

Section VI.4.1. The Wp fit predicts a weak phonon side band in this region, but if it exists,
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it is obscured by the broad feature. The fit also predicts a fairly intense band to the red of
the ZPL, but only a weak band is observed in the experimental spectrum. This is a hot band
and is the region of the fit with the greatest discrepancy between the calculated and
measured intensities. The difference in intensity of this hot band may be due to the
threshold conditions associated with AE, i.e. the density of thermally excited molecules

may be insufficient to reach the threshold value for stimulated emission to occur.

The emission recorded by exciting into the ZPL of the most red site is shown in the right
hand panel of Figure VI.5. With the exception of the broad excitation feature at 669.2 nm,
mirror symmetry is apparent between the excitation and emission spectra. The ZPL in
emission is located at 747.2 nm (13384 cm™), with the PSB located at 747.4 nm (13380
cm™). As was the case in excitation, the Wp fit matches the experimental ZPL and PSB
excellently. Two weaker phonon bands further to the red are also predicted by the Wp
function, and evidence of this is present from the partly resolved shoulder centred on 747.7
nm and the wing extending up to 748 nm in the experimental spectrum. This region is
obstructed in the excitation spectrum by the broad band. The fact that this broad band does
not show up in emission is evidence that it originates from a different species in the matrix.
The weak band to the blue of the ZPL in emission (~746.8 nm) represents a hot band
which arises at temperatures as low as 9.8 K due to the low frequency of the coupling
mode (~3.9 cm™). While the intensity of the hot band in emission is not as strong as that
predicted by the Wp fit, it is stronger than that observed in the excitation spectrum. This
may be due to the slightly larger coupling frequency in the excited state (~4.4 cm™).

Because the excitation and emission spectra shown in Figure V1.5 were extracted from the
extreme red portion of the 2D-EE scans (see Figure VI.A2), they represent the simplest
profiles for the AE bands. Accordingly, they are considered the intrinsic profile of a single
type of site, one in which the monomer GaPcCl is isolated. From the good agreement with
the Wp fits, it is concluded that the spectral structure exhibited arises from very weak

electron-phonon coupling.
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VI1.4: Discussion

VI1.4.1: Amplified Emission

In spite of the fact that several studies!** have already been performed on the electronic
spectroscopy of GaPcCl, the current work is the first known instance of this molecule
demonstrating amplified emission. This is a surprising situation since aluminium
phthalocyanine chloride (AIPcCl) has been known to exhibit amplified emission for a long
time*. In fact it was the first example of an operational dye laser. The mechanism for the
process of AE in this system can be described by the 3-level energy level diagram shown
in Figure VI.6. Level 1 in the diagram is the ground state (So (v = 0)), which is highly
populated at the cryogenic temperatures used in matrix-isolation experiments. Level 2 (S;
(v = 0)) is only populated following laser irradiation, and must be sufficiently long lived
for a population inversion to take place with respect to Level 3. This level is a specific
vibrational mode of the ground electronic state (So (vo” = 1)). It is the vibrational mode
observed at 1523 cm™! in the Raman spectrum and at 1540 cm™ in emission of GaPcCl/Ar.
This mode is of B2 symmetry and corresponds to the normal mode #144 from the DFT

vibrational analysis.
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Figure VI.6: Energy level diagram depicting the process of amplified emission in
GaPcCl/Ar. A 3 level system is involved; Level 1: The electronic ground state (So) where
v" =0, Level 2: The first excited electronic state (S1 (Q)) where v’ = 0, and Level 3: An
excited vibrational level corresponding to mode #144 at 1540 cm™ in So.
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In order to produce stimulated emission, Level 2 must be populated with great efficiency.
This was achieved by pumping the GaPcCl molecule with nanosecond pulsed dye laser
excitation. A set of experiments by Huang et al.’ did not result in any AE when exciting
free-base, Mg, AICIl, Zn, and Cu phthalocyanines isolated in Shpol’skii matrices with
continuous wave (CW) laser excitation. Studies by Dozova®, Crepin’ and Arabei®’ showed
that pulsed laser excitation was capable of producing AE in the structurally related systems
free-base and zinc phthalocyanine, free-base tetraazaporphyrin and free-base
tetrabenzoporphyrin. Another important factor in achieving AE is exciting into an
electronic transition with a large extinction coefficient. This has been (tentatively)
measured as € ~ 7.2 x 10° m/M at 676.07 nm for GaPcCl in EtOH, although, for solubility
reasons the actual value is expected to be somewhat larger. Level 3 at 1540 c¢cm’
corresponds to a non-thermally populated level so that the population inversion between
the (2) — (3) transition is easily obtained. To maintain the population inversion during the
course of the 6 ns laser pump pulse, the vibrational Level 3 must rapidly relax to the
vibrationless level (v"' = 0) of the ground state. Fluorescence lifetimes of GaPcCl were
measured as 2.6, 2.3, 2.4 and 2.3 ns in N, Ar, Kr and Xe matrices respectively, indicating
that Level 3 must decay much more rapidly than this. The vector diagram representing the
vibrational mode #144 is shown in Figure VI.7, and involves an out-of-phase asymmetric
stretching of the Cy-Nm-Co bonds of the inner ring macrocycle. This mode is now well
known to be associated with the process of stimulated emission as it has been observed in
several related porphyrin and phthalocyanine systems®®?. Thus it is expected that this

excited vibrational mode can relax very quickly to the vibrationless ground state.
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Figure VI.7: Vector diagram showing the atomic motions of vibrational mode #144 of
GaPcCl at 1540 cm™ associated with amplified emission which has been calculated by
DFT with the B3LYP/6-311++g(2d,2p) functional and basis set. As depicted, the mode
involves mostly an out of phase stretching of the bridging Co-Nm-Cq bonds, coupled with
small amounts of ‘in-plane’ C-H bends on the aryl groups. The direction of motion of the
atoms is depicted with the blue arrows and the extent of the motion is given by the length
of the arrows.

VI.4.11: Site Splitting of Amplified Emission

It was observed from the emission data presented in Chapter V that GaPcCl can occupy a
number of different sites depending on the matrix host it is trapped in. Several sites within
a given sample can exhibit AE, with the vibronic band at ~1540 cm™ being the mode
involved in all cases. This will be demonstrated in Sections VI1.4.11.a through VI.4.11.d. The
spectral features of each matrix will be analysed using the AE bands originating from
different sites. This method is preferable to using regular fluorescence data owing to the
exceptionally narrow line widths of the AE bands and the very large signal-to-noise ratios
compared to those of the fluorescence bands. 2D emission-excitation (2D-EE) plots of
GaPcCl in each host gas give a complete overview of the emission data that is not always
obvious from individual emission or excitation spectra. In order to relate these plots to the

more conventional spectra, emission and excitation ‘slices’ of these 2D-EE plots will be
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presented to show how the spectra change with respect to the wavelengths (Aex and Aem)

monitored.
VI.4.11.a: Argon

The 2D-EE plot recorded in the spectral region of the AE bands of GaPcClI/Ar is shown in
Figure VI.8. This plot presents emission on the x-axis and excitation on the y-axis.
Emission intensities are plotted as coloured contour lines, whose scale is shown to the right
hand side of the main plot area. A series of dashed lines are shown on the plot with labels
Mn and Xn (where n = 1, 2, 3...etc.), which represent emission and excitation ‘slices’
respectively of the 2D-EE plot. For example, the line M1 denotes the emission spectrum
obtained with an excitation wavelength equal to the position of M1 (Aex = 670.3 nm). The
same is true for the excitation spectra, where the emission wavelengths being monitored
match the position of the X» lines. A more detailed account of how the emission and
excitation spectra are extracted from 2D-EE plots is given in Chapter II and accompanied
by a plot showing an emission and excitation spectrum in Figure II.16. The same method

will be used for each matrix host.

The structure of the 2D-EE plot of GaPcCl/Ar shows a white background (low intensity)
with contours of different colours (higher intensity) in the upper centre of the plot. The
contour lines represented by pink, red, yellow and green correspond to the strongest
amplified emission. Turquoise and blues represent weaker AE which is seen predominantly
at Aex < 665 nm, which correspond to the higher energy vibronic bands in excitation. The
highest intensity regions are shown by the red/pink contours and there are three such
regions in this plot. The first region (highlighted as region ‘I’ on Figure VI.8) has its
strongest emission centred at 747.2 nm, with Aex = 670.3 nm, and shall be referred to as the
‘red site’. The other intense region exhibits the strongest emission intensity at ~745.1 nm,
with Aex = 668.6 nm, and shall be referred to as the ‘blue site’ (highlighted as region ‘III’
on Figure VI.8). An area of moderate intensity exists between the red and blue sites and

has been labelled as region II.

An expanded view of regions I - III of this 2D-EE plot are presented in Figure VI.A1 -
Figure VI.A4, which provide more details of three main features in the plot. These three
regions show the features of the most abundantly occupied sites. In Figure VI.AIl, the

location of the strong ZPLs and weaker resolved PSBs are represented by the diagonal
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features. The Wp fit shown in Figure VLS5 is applicable to all of the excitation bands
present. In contrast, the spectral band shape of the broad ex/em feature at 669.5/747.2 nm
has completely different properties. Accordingly it is attributed to a different species,
possibly an aggregate, as indicated in Figure VI.A1. Immediately to the blue (in excitation)
of each ZPL lies its corresponding PSB, although this is not evident on the scale shown in
Figure VL.8. A series of weaker AE bands are located between the red and blue sites in
what appears to be a continuum of sites in the matrix (highlighted as region ‘II’ on Figure
VI.8, and shown in detail in Figure VI.A3). The ZPLs of the weaker sites can be clearly
seen as the region of intense emission between the intersections of M1-X4 and M2-X1.
The PSBs of the weaker sites are difficult to observe in the contour plot, even on the scale

presented in Figure VI.A3, due to their low intensity.
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Figure VIL.8: 2D excitation-emission plot of GaPcCl trapped in solid Ar recorded in the
region of the amplified emission bands. A number of sites are clearly present. A selection
of emission slices (M1 — M4) have been extracted from this spectrum and are shown in
Figure VI.9. A selection of excitation spectra (X1 — X4) have also been taken from the
spectrum and are shown in Figure VI.10. All slices will be shown in linear energy (cm™)
for analysis.
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Selected emission spectra from the 2D-EE spectrum of GaPcCl/Ar have been extracted and
are presented in Figure VI.9. The ‘slices’ were chosen based on the intensity of the AE
bands for different sites. These spectra show how the amplified emission bands change
drastically with different excitation wavelengths. The red trace corresponds to M1 (Aex =
670.3 nm) and cuts through the AE band of the dominant red site at 747.2 nm in Figure
VI.8. Similar to the fluorescence data presented in Chapter V, excitation into the 0-0 band
in absorption yields the simplest emission. This excitation wavelength is only capable of
exciting the lowest energy sites and a single strong AE band is observed. A weaker
shoulder to the red of the intense band at 747.2 nm is, according to the Wp fits done, due to
emission from the PSB. A very weak band even further to the red (Aem = 748.05 nm) is

observed, which is most likely emission of a second PSB.

The blue trace (M2) corresponds to Aex = 668.6 nm on Figure V1.8, which cuts through the
maximum of the AE band from the blue-most site at 745.1 nm. The PSB of this site (Aem =
745.4 nm) can be seen as a weak band to the red of the intense emission band. This slice
also cuts through the feature to the blue of the dominant red site (in excitation), which
manifests as a broad emission band centred at 747 nm. Another broad emission band is
observed at 746.1 nm. The broadness of the band (at 746.1 nm) may indicate that this is
emission from more than a single site, similar to why the fluorescence bands in N2 and Xe

were so broad. Alternatively, this could be emission from an aggregate species.

Two broad emission features are evident in Figure VI.8, whose excitation maxima are
located to the blue of the ZPLs of the dominant red and blue sites (regions I and III). The
emission and excitation slices taken through the maxima of these bands are shown in
Figure VI.A6. The excitation spectra show that the ZPL dominates the intensity, but that
the broad features are also emitting strongly. The lineshapes of the ZPL and the broad
feature are different, with the broad feature perhaps showing some unresolved structure.
The linewidths of both ZPLs in excitation are 1.3 cm” whereas the broad bands have
linewidths of 22.9 and 23.2 cm™ for the blue and red features respectively. The emission
spectra shown in Figure VI.A6 also highlight the difference between the lineshape of the
ZPL and the two broad features; the ZPL has a linewidth of 1.3 cm™ and the broad bands
have linewidths of 11.9 and 8.7 cm™! for the blue and red sites respectively. This difference
is also demonstrated by the bands at 745 nm in traces M2 (which shows the ZPL) and M3

(which shows the broad feature) in Figure VI.9. The very different spectral characteristics

284



Chapter VI: Amplified Emission of ClGaPc Isolated in Inert Gas Matrices

indicate that these features do not originate from the well isolated molecule, but may
instead be due to the presence of aggregates in the matrix. Even though this is not a
definitive assignment, these features will be referred to as aggregates in future for ease of
discussion. These bands were present in all samples of GaPcCl/Ar, although changing the
deposition conditions caused a variation in the relative intensities of emission from the
‘aggregate’ and monomer species. The spectrum shown in Figure VI.8 was prepared with a
high oven temperature with the sample window held at 10 K, and is representative of the

relative intensities of these features in most Ar samples.
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Figure VL.9: A series of emission spectra of GaPcCl/Ar recorded with different excitation
wavelengths. The position on the 2D-EE plot that each spectrum is extracted from is
shown in Figure VL.8.

At excitation wavelengths shorter than 664 nm amplified emission has all but stopped,
except for the vibronic bands of the dominant sites. The same trend for the region around

the ZPLs is observed here, with some strong emission around 747.2 nm, moderate
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emission around 745.1 nm and weaker emission between these two regions. This trend
arises because the same vibronic structure in excitation is common to all of the sites (i.e.
the shift of a given vibronic band from the ZPL will be identical for every site, as
demonstrated in Figure VI.AS). Further vibronic structure can be observed at excitation

wavelengths to the blue of 660 nm for the dominant red site only.

The black trace (M3) corresponds to Aex = 666.4 nm on Figure VI.8 and cuts through the
AE bands of both the red and blue sites. All of the AE bands observed with excitation at
M3 are much broader than the bands observed with excitations at M1 and M2. This is due
to the fact that M3 does not intersect with the narrow ZPLs of these sites, but rather the
broader aggregate species exhibiting AE in this region. At least 5 emission bands are
present and exhibit different degrees of resolution depending on the excitation wavelength.
The final excitation wavelength shown in Figure V1.9 corresponds to M4 (Aex = 657.8 nm)
on Figure VI.8. At this wavelength, AE is only exhibited by the most red site, and with a
diminished intensity, as fluorescence from the vibronic band at 1540 cm™ of the blue site is
clearly visible on the same scale. The band which is exhibiting AE corresponds to one of

the vibronic bands in excitation which is shown by X4 in Figure VI.10.

A series of excitation spectra extracted by taking slices at the emission wavelengths
specified in Figure VL8, are presented in Figure VI.10. Slice X1(red trace), taken at the
emission wavelength 745.06 nm, coincides with the maximum of the emission from the
blue site observed in Figure VI.9 The excitation spectrum shows a very sharp band at
668.0 nm which corresponds to the zero phonon line (ZPL) for this site. The phonon side
band (PSB) to the blue of the ZPL is difficult to identify due to its overlap with the broad
bands centred at 666.6 nm. This broad band corresponds to the feature which has been
tentatively assigned as an aggregate species. A weak shoulder to the red of the ZPL may be
a hot band which is thermally populated at 10 K. This is possibly due to the small splitting
(~4.4 cm™) between the ZPL and the PSB. A weak vibronic band is evident at 660.6 nm,

representing a vibronic mode with a frequency of 167.5 cm™, as listed in Table VI.2.

The blue trace (X2) was obtained by monitoring the emission band located at 746.20 nm.
This corresponds to a site (Region II) which exhibits amplified emission, but not as
strongly as the blue or red sites described earlier. The spectrum is dominated by a sharp
ZPL located at 668.45 nm, with a broad (~90 cm™) band, possibly originating from another
aggregate species. The PSB is located in between the ZPL and the emission band from the
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aggregate. A vibronic band in excitation is also observed around 661 nm, with a much
weaker band also arising at 663.3 nm. All of the bands are red-shifted compared to their
counterparts shown by X1, which is expected as the excitation spectrum is centred on an

emission band from a site to the red of X1.
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Figure VI.10: A series of excitation spectra of GaPcCl/Ar recorded by monitoring various
emission wavelengths. The relationship between the emission wavelength, X#», and the 2D-
EE spectrum is shown in Figure VIL.8.

The excitation spectrum extracted at X3 (black trace) shows a similar structure to that of
X2, with an intense ZPL (670.14 nm), a resolved PSB and several vibronic bands further to
the blue. The broad band from the aggregate species is present, but appears to have a
different structure to its counterparts in the other excitation spectra. From the 2D-EE
contour plot shown in Figure VIL.8, it looks like X3 cuts through two broad bands, which
may be two distinct species. The bands in this spectrum are all red-shifted with respect to

the bands from X1 and X2. The presence of the ‘extra’ bands in the spectrum (highlighted
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by asterisks) is due to how highly occupied each site is, with the vibronic bands of X3
exhibiting greater intensity than those of X1 and X2. X2 is moderately occupied, and can
exhibit AE with only a few excitation wavelengths to the blue of the ZPL. A similar result
is obtained for the blue site (X1), although this site is well occupied. The site shown by X3
is very highly occupied as all of the vibronic bands in excitation observed in Figure VI.10

exhibit AE.

The spectrum shown by the green trace is a slice taken through X4. Because it is located in
the extreme red, this was the only site which produced amplified emission with excitation
at M1. The excitation spectrum is similar to that obtained with X3, exhibiting a sharp ZPL
and PSB which dominate the spectrum, with much broader excitation bands located to the
blue of the PSB exhibiting some weaker amplification. These broad excitation bands
originate from the aggregate species. Pairs of vibronic bands extending up to 658 nm are

also evident.

The 2D-EE plot, as well as the corresponding emission and excitation spectra, show that
GaPcCV/Ar exists in many sites of isolation. A continuum of weaker sites exist between the
three most abundantly occupied ones (shown in Figure VI.A2 - Figure VI.A4), whose AE
bands are located at 745.06, 747.17 and 747.49 nm. The splitting between the AE bands of
the red site at 747.49 nm and the sites whose AE bands are located at 747.17 and 745.06
nm are 6 and 44 cm™ respectively. As well as a number of monomer species which exhibit
narrow ZPLs in excitation, other species also exist in Ar matrices. These ‘aggregate’
species also emit strongly in the AE region, although both emission and excitation bands
from this species are much broader than those of the isolated molecule. Slice M3 in Figure
VL9 cuts directly through the maximum of the blue aggregate feature, and demonstrates
the pronounced broadening of this species in emission, especially when compared to the
narrow ZPL from the blue site shown by slice M2. The excitation slice X1 passes directly
through the ZPL of a blue monomer species as well as the maximum of the blue aggregate
feature. This demonstrates the broadening exhibited in excitation for the aggregate

compared to the highly isolated monomer.

The fact that the continuum of sites exists and can exhibit AE indicates that Ar forms very
stable sites of isolation and is sufficiently robust to withstand high powered laser
irradiation over long time periods. Due to the high number of monomer sites, and possibly

other species (aggregates) in the Ar matrix, a complex picture has emerged whereby a
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single excitation wavelength can result in emission from an array of different sites/species.
This rich spectroscopy of GaPcCl/Ar is reminiscent of earlier AE work® done on H2Pc/N,
and ZnPc/N,.

VI.4.11.b: Krypton

The 2D-EE plot of GaPcCI/Kr is presented in Figure VI.11. This plot was generated in the
same manner as for GaPcCl/Ar, and is laid out the same way. The features present in this
plot are similar to those observed in Ar. The two broad red/pink regions in the plot
correspond to the most intense amplified emission in this matrix. The maxima of these
bands are located at 751.6 and 754.1 nm in emission. This suggests that two highly
occupied features (probably aggregates) dominate in this matrix, with some less well

occupied sites also present. The splitting between the two dominant features is 44 cm™.

Sharp features which correspond to ZPLs are located to the red (in excitation) of the
dominant features, which are labelled more clearly in the expanded regions of the 2D-EE
plot shown in Figure VI.A7 and Figure VI.A9. The fact that the ZPLs do not dominate the
intensity may mean that Kr matrices do not preferentially form sites where GaPcCl
molecules get isolated as the monomeric species, but rather tend to arrange into larger sites
where aggregation can occur. While the ZPLs are not as intense as those observed in Ar,

and do not have the same phonon structure, they do appear in the correct location.

In Ar matrices a ‘diagonal’ region showing intense ZPLs (and PSBs) of a continuum of
sites was clearly identifiable on the 2D-EE plots. A region of lower intensity connects the
two main bands in Kr, which is similar to Ar, where the continuum of sites was observed
between the dominant sites. While the region between the red and blue sites does not show
intense AE in Kr matrices (unlike in Ar) as shown in Figure VI.AS8, this may be merely a
concentration issue. If the sites do not contain a large enough number density of molecules,
then the process of stimulated emission will not reach its threshold value and AE will not
occur. Vibronic bands are observed to the blue of the ZPLs in excitation, and extend as far

as 666 nm for the blue site.
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Figure VI.11: 2D-EE plot of GaPcCl trapped in solid Kr recorded in the region of the
amplified emission band. A number of sites are clearly present. A series of emission slices
(M5 — M8) have been extracted from this spectrum and are shown in Figure VI.12. A
selection of excitation spectra (X5 — X8) have also been taken from the spectrum and are
shown in Figure VI.13.

The series of emission spectra extracted from Figure VI.11 at wavelengths represented by
the dashed lines M5 — MS, are presented in Figure VI.12. Slice M5 (Aex = 675.5 nm),
shown by the red trace, cuts through the amplified emission band of the red-most site. This
excitation wavelength was chosen as it should yield the simplest emission spectrum with
the fewest possible features. This is indeed the case as the spectrum is dominated by the
narrow AE band at 754.2 nm. The equivalent ‘slice’ in Ar (i.e. through the site furthest to
the red) exhibited phonon structure to the red of the main emission band, as well as a hot
band to the blue. While the band at 754.2 nm in Kr may be the ZPL of the red site, the
spectrum does not show any indications of a resolved PSB being present. As suggested
above, the Kr matrix appears to contain less of the isolated monomer than Ar matrices

owing to the much weaker intensity on the ZPLs.
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Figure VI.12: A series of emission spectra of GaPcClI/Kr recorded with different
excitation wavelengths. The relationship between the excitation wavelength, Mn, and the
2D-EE spectrum is shown in Figure VI.11.

The blue trace presents slice M6, where Aex = 673.4 nm, and contains three peaks and two
unresolved features. The intense narrow band at 754.1 nm corresponds to AE from the red
site, and a weak shoulder to the blue is evident on this band. A triplet of partially resolved
bands is located between 751 and 753 nm. The most intense of these bands is centred on
752.0 nm. A shoulder to the red of this band is not fully resolved. A shoulder to the blue
shows better resolution and is centred on 751.7 nm. Each of these bands represents AE
from a different site in the matrix. They are located too close together to be fully resolved
under current conditions, but do point to a variety of sites being present in this matrix,

similar to Ar.

The black trace shows the spectrum corresponding to M7 (A = 671.5 nm) on Figure
VIL.11. This spectrum cuts through the amplified emission band of the blue site, located at
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751.6 nm. The red site no longer exhibits AE strongly at this wavelength, showing only
weak intensity in Figure VI.12. This can be explained by the excitation wavelength moving
too far to the blue to overlap with any of the strong absorption bands of the red site, but

now coinciding with strong absorption bands of the blue site.

Slice M8 is shown by the green trace in Figure VI.12, representing an excitation at 666.2
nm. This is much farther to the blue than the other slices shown earlier and is not in the
region of the band origin of the AE bands. Instead, this slice cuts through one of the
vibronic bands of the blue site, where fluorescence is observed. The intensity of the bands
are much weaker than those of M5 — M7, and electronic noise is evident on the baseline.
Emission from the blue site is clearly visible. The corresponding emission from the red site
is located at 668/754 nm in the 2D-EE plot shown in Figure VI.11, manifesting as a broad,

weak band.

The excitation spectra extracted from Figure VI.11 are presented by the lines X5 — X8 in
Figure VI.13. Spectrum X5 was obtained by monitoring the emission band at 751.70 nm,
and is shown by the red trace. This slice cuts through the AE band of the blue site. Two
main features dominate the spectrum; a strong, broad band centred on 672 nm, and a
weaker, narrow band at 673.5 nm. The narrow band may be the ZPL from a weak site, but
due to its low intensity, it is clearly not the dominant species in this excitation spectrum.
The broader band to the blue shows the greatest intensity and corresponds to emission from
the dominant blue feature. Due to the broadness of this excitation band, it is likely that it

originates from the suspected aggregate species and not a well isolated monomer.

The blue trace shows the slice X6, which is located at 753.00 nm, between the intense blue
and red features. It is known from the emission slice M6 that there is a site present here
that shows weak amplified emission. This is found to be the case by the peak centred
around 674 nm. A shoulder to the blue of this is observed centred on 673.2 nm. This would

suggest two features are present.

The black trace shows the spectrum X7, which corresponds to an excitation spectrum
through the AE band of the dominant red feature (754.14 nm). This spectrum is similar to
the spectrum shown by X5 in that it shows a weak, but narrow line (possibly a ZPL) and a
broader band consisting of at least two features which may arise from the aggregate

species. All of these bands are red-shifted compared to X5, as expected for the red site,
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with the ZPL located at 675.2 nm and the aggregate band centred on 674.3 nm. The
aggregate feature appears to be showing signs of resolution into two separate bands, but
this is not certain due to the noise on the top of the band. A series of weaker bands to the
blue are also present, correspond to the vibronic bands at 133.97 and 165.77 cm™ given in

Table VI.2.
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Figure VI.13: A series of excitation spectra of GaPcCl/Kr recorded by monitoring various
emission wavelengths. The relationship between the emission wavelength, X#n, and the 2D-
EE spectrum is shown in Figure VI.11.

The green trace in Figure VI.13 shows slice X8, which was taken through the feature
furthest to the red capable of exhibiting intense AE. This slice should yield the simplest
excitation spectrum, yet it appears substantially the same as X7. The ZPL, centred on 675.5
nm is evident, but lacks a resolved PSB which was evident on the equivalent excitation
spectra recorded in Ar. Unfortunately, the broad feature is also present in this spectrum,

which may be obscuring additional structures to the blue of the ZPL. This probably means
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that the true lineshape of the monomer species cannot be determined in Kr. A solution to
this would be to attempt a lower concentration sample to reduce the amount of aggregates

present, but this would also inhibit the samples ability to exhibit AE.

The 2D-EE spectrum of GaPcCl/Kr, as well as slices through this spectrum, shows that this
matrix contains two dominant structures reminiscent of the aggregate species present in the
Ar matrix spectrum shown in Figure VI.8. The sharp ZPLs are not as evident in Kr, yet
they are present (as highlighted in Figure VI.A7 and Figure VI.A9). Two main features
exist in the matrix, with their AE bands located at 751.6 nm and 754.1 nm. Several sites
exist between these blue and red features, but are less concentrated within the matrix,
meaning the intensity of AE from these sites is weaker than that of the two major features.
Some sites are so close together that their bands overlap, even given the narrow linewidths
of the AE band, and this is demonstrated in the emission spectrum shown by M6 in Figure
VI.12. Excitation slices through the main features of Figure VI.11 indicate that ZPLs from
highly isolated molecules are indeed present in the regions of the dominant red and blue
sites, but carry much less intensity than the emission from the so-called aggregate species.
This is in contrast to the Ar matrices, where the ZPLs from many sites were clearly
observed, and were of greater intensity than the broad aggregate species. This suggests that
Ar preferentially traps individual GaPcCl molecules in sites, with small amounts of
aggregates also forming, whereas Kr matrices tend to form aggregates more easily than

sites in which the molecule in its monomeric form.
VI1.4.11.c: Xenon

The 2D-EE plot recorded for AE of GaPcCl/Xe is presented in Figure VI.14. The plot was
generated in the same manner as the Ar and Kr matrices shown earlier. This system shows
two main emission features; an intense blue band at 762.1 nm and an even more intense
red band at 763.2 nm, both located in excitation between 683 and 680 nm. The splitting
between the two emission features is 19 ¢cm™. The region in the 2D-EE spectrum of
GaPcCl/Ar that showed well-defined ZPLs does not manifest itself in this system,
indicating that Xe matrices are less effective at trapping the GaPcCl molecule as the
isolated molecule. This suggests that the two dominant features in Xe matrices may be the
so-called aggregate species described in the Ar and Kr matrices. Both features are broad in

both emission and excitation. The region between the red and blue sites also shows strong
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emission intensity, and most likely corresponds to another site that is not as highly

occupied in the matrix.
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Figure VI.14: 2D Excitation-emission plot of GaPcCl trapped in solid Xe recorded in the
region of the amplified emission band. Two major sites are evident in this host. A selection
of emission slices (M9 — M12) have been extracted from this spectrum and are shown in
Figure VI.15. A selection of excitation spectra (X9 — X12) have also been taken from the
spectrum and are shown in Figure VI.16. The data presented for Xe was recorded with the
600 grooves/mm grating.

A second pair of excitation bands are evident between 680 and 677 nm, whose emission
maxima do not exactly match those of the red and blue sites described above, indicates
additional features being present in Xe. The excitation bands located to the blue of 677 nm
correspond to the vibronic transitions of the dominant sites, especially the red one and are

presented in Figure VI.16.

A number of emission spectra corresponding to the slices M9 — M12 on Figure VI.14 are
presented in Figure VI.15. The red trace is the emission spectrum represented by M9,

which is excitation into the red fringe of the AE band from the red site. The spectrum
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contains one main feature; an emission band at 763.7 nm. A shoulder to the red of the

absorption maximum possibly corresponds to emission from an aggregate species, or

perhaps some unresolved phonon structure.
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Figure VI.15: A series of emission spectra of GaPcCl/Xe recorded with different
excitation wavelengths. The relationship between the excitation wavelength, Mn, and the
2D spectrum is shown in Figure VI.14. The data presented was recorded with the 600
grooves/mm grating, and is of lower resolution than those presented in the other systems.

M10, shown by the blue trace, represents an excitation at 682.1 nm, which passes through

the intense region of the AE band of the red site. The spectrum is dominated by the intense

band at 763.2 nm, although there is a very weak blue wing on the band which is emission

from another, weaker site. The band is not sufficiently resolved with the 600 grooves/mm

grating to identify its energy accurately. The blue site is not excited at this wavelength, or

at least not sufficiently for its emission to be evident on the same scale as the band at 763.2

nm.
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Site splitting is more clearly observed in the emission produced with the excitation at M11
(Aex = 680.83 nm), which excites into the intense region of the blue site. This wavelength
also excites into a region of the red site where it is capable of exhibiting AE. A region of
moderate intensity lies between the red and blue sites, which may originate from a distinct
site that remains unresolved. The maximum of the red band in this spectrum is blue shifted
slightly compared to the band shown by M10, perhaps indicating a unique site or it being
part of a continuum of sites. The shifting of the emission bands with respect to the
excitation wavelength is the same trend observed in Ar and Kr which represented a large
number of sites being present in the matrix. Based on the results of the absorption and
emission spectra for GaPcCl/Xe shown in earlier sections, it is highly likely that this host

also contains a large number of sites.

M12, shown by the green trace in Figure VI.15, presents the result of excitation into the
wing of the bluest of the intense amplified emission bands and into one of the vibronic
bands of the red site (Aex = 675 nm). There is one intense band located at 763.2 nm in the
spectrum and a broader and weaker band to the blue. The intense band is AE from the red
site, albeit with diminished intensity compared to excitations further to the red. This is due
to most of the strong absorption bands being located close to the 0-0 transition, with only a
few bands strongly absorbing to the blue of the 0-0. The blue site does not show AE from
the corresponding vibronic band to the one excited by M12 for the red site due to it having
a lower concentration in the matrix than the red site. A complementary slice, M12’ (Aex =
674.2 nm), shows emission from the corresponding vibronic band from the blue site as that
shown by M12 for the red site. Because the red site is more highly occupied, it can still be

seen to be exhibiting AE at M12’, but it is not nearly as intense as that shown in M12.

A series of excitation spectra were extracted from Figure VI.14 by monitoring the emission
bands labelled X9 — X12 and are presented in Figure VI.16. The spectrum obtained from
monitoring at X9 (Aem = 762.21 nm) is shown by the red trace of Figure VI.16. This slice is
centred on the most intense emission wavelength from the AE band of the blue site. The
spectrum is dominated by two broad bands centred at 680.3 and 678.5 nm, with a pair of
weaker and narrower bands located to the blue (corresponding to the vibronic bands at
114.77 and 149.02 cm™ from Table VI.2). The intense bands correspond to AE from the
two aggregate features, and the weaker vibronic bands originate from the same species.

There does not appear to be a sharp ZPL present in this spectrum, unlike the Ar excitation
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spectra, where the ZPL dominates the intensity in excitation or Kr, where the ZPL is weak

but present.
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Figure VI.16: A series of excitation spectra of GaPcCl/Xe recorded by monitoring various
emission wavelengths. The relationship between the emission wavelength, X», and the 2D
spectrum is shown in Figure VI.14. The data presented were recorded with the 600
grooves/mm grating.

The blue trace shows the excitation spectrum represented by X10 in Figure VI.14, which
monitored the blue wing of the emission band at 762.61 nm. This wavelength intersects the
region between the red and blue sites. The spectrum is also dominated by two broad bands,
each of which appears to be split into two. The maxima of these bands shift with the
maxima of the excitation spectra from X9 and X11, as expected for different sites. While
there may be a distinct site present, it is more likely that this spectrum is the result of the
overlap of bands from a red and a blue site. Weaker vibronic bands are also present in this

spectrum. Consistent with X9, the ZPL cannot be identified in X10.
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The spectrum generated by extracting X11 from the 2D-EE plot is shown by the black
trace in Figure VI.16. This slice cuts directly through the most intense region of the
amplified emission band of the red feature. The spectrum shows comparable structure to
that of X9 and X10, but the relative intensities of the two intense bands (centred on 681.6
and 679.2 nm) are reversed and the shapes of the broad bands are different. A narrowing of
the intense blue band is observed, as well as the resolution of a new band, located at 679.6
nm. Several weaker and narrower bands are observed to the blue of the two intense bands,
most of which were observed in the other excitation spectra. All of the bands are red-
shifted with respect to the other sites, as expected for the red site. As was the case with the
other excitation spectra in Xe, no sharp ZPLs were observed. The splitting of the excitation
bands at 679.2 and 679.6 nm may be indicative of two species being simultaneously

excited, similar to what was observed with X10.

The excitation spectrum shown by X12 (green trace) was extracted by monitoring emission
at 763.74 nm, at the very red fringe of the AE band from the red feature. This emission
wavelength should give the best opportunity to observe the simplest band structure of
GaPcCl/Xe because only a single site is excited. Even under these ‘ideal’ conditions, no
ZPL is evident in the spectrum. It may be due to the spectrum being recorded with the 600
grooves/mm grating, or it could be intrinsic to the system that no ZPLs can be observed.
The spectrum itself looks similar to the other excitation spectra recorded in Xe, with two
intense broad bands (Aex = 679.3 and 682.0 nm) to the red and several weaker vibronic

bands located to the blue.

The site splitting present in Xe is similar to that of Kr, with two main sites and several
weaker ones. A continuum of sites is evident, as changing the excitation wavelengths
causes a shifting of the emission bands. Not many of these sites were strongly occupied
and very few could exhibit AE. The sites all absorb at wavelengths very close in energy
and were difficult to resolve. The lack of sites capable of exhibiting AE between the red
and blue features does not mean that they are not present in the matrix; their concentration
may be so low that their emission intensity is too weak to be observed compared to the AE
from the red and blue features. This result was shown by X10, where the excitation
spectrum in this region shows a pair of bands whose splitting matches the excitation bands
of X9 and X11, the blue and red sites respectively. As it was difficult to prepare samples of
GaPcCl/Xe capable of exhibiting AE, no samples with better resolution were obtained. The
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absence of clearly defined ZPLs (and PSBs) indicates that Xe matrices tend to form
aggregates of GaPcCl preferentially to trapping single molecules in a given site. This
follows the trend set by the other rare gas systems, where Ar tends to trap GaPcCl in highly
isolated sites with a moderate amount of aggregates, and Kr contains a lot of aggregate
species and less of the monomeric form of the molecule. An interesting experiment would
be to prepare a sample of GaPcCl trapped in a solid Ne matrix to examine if this host
preferentially forms the monomeric species ahead of aggregates, in line with what was
observed with the heavier gases. Unfortunately, due to the low temperatures (~4 K)
required to form Ne matrices, this proposed experiment cannot be attempted on the

apparatus used in the current work.

This tendency for the heavier gases (Kr and Xe) to form aggregates does not agree with
earlier studies on matrix isolated porphyrins, where contrasting behaviour was observed.

The previous studies®®?

were performed on planar molecules, whereas the GaPcCl
molecule is known to be non-planar'®, having a protruding Cl atom. This may have an
influence on the ability of the heavier rare gas matrices to form highly symmetric sites of
isolation. Furthermore, the structures of aggregates of planar and non-planar
phthalocyanines are different. Planar phthalocyanines have n- stacking interactions'!, but
this arrangement is blocked by the Cl counter-ion in GaPcClL Instead, an interaction
between the Cl atom of one molecule and the C, atom of another can occur in the metal

phthalocyanine chlorides. Alternatively, the halogen atom can bridge between two metal

atoms of neighbouring GaPcCl molecules'?.
VI.4.11.d: Nitrogen

The 2D-EE plot of the amplified emission region of GaPcCl/N; is shown in Figure VI.17.
Only one region of intense emission is present in the plot consisting the band at 745 nm.
The rich site splitting that was present in the rare gas matrices does not appear to be
manifested in N>. Where the rare gas matrices contained two strongly occupied sites of
isolation which could exhibit AE (as well as several weaker sites), N> lacks this structure
entirely. Two regions in the AE band are evident in excitation; a narrow band around 668
nm (perhaps corresponding to the ZPL in excitation) and a broader region around 665 nm
(which is probably the aggregate species). A region of moderate intensity exists between
these two maxima, with the intensity dropping off dramatically as the excitation

wavelengths move further into the blue.
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Figure VI1.17: 2D Excitation-emission plot of GaPcCl trapped in solid N> recorded in the
region of the amplified emission band. A number of sites are clearly present. A selection of
emission slices (M13 — M16) have been extracted from this spectrum and are shown in
Figure VI.18. A selection of excitation spectra (X13 — X17) have also been taken from the
spectrum and are shown in Figure VI.19.

A series of emission spectra were extracted from Figure VI.17 labelled M13 — M16 which
are shown in Figure VI.18. The emission spectrum represented by M13 is shown by the red
trace and is produced with excitation into the narrower of the intense excitation regions. A
single peak dominates the emission spectrum at 745.09 nm, indicative of a single site
exhibiting AE with this excitation wavelength. The blue trace shows M14, which passes
through the region between the two most intense AE regions on Figure VI.17. A single
emission band centred on 745.06 nm is observed in this spectrum, similar to M13. No
asymmetry is observed on the curve at this excitation wavelength, indicating only a single
site has been excited. A very slight shift between the maxima of M13 and M14 is noted,

which works out to be 0.75 cm™.
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Figure VI.18: A series of emission spectra of GaPcCl/N; recorded with different
excitation wavelengths. The relationship between the excitation wavelength, Mn, and the
2D spectrum is shown in Figure VI.17.

The spectrum obtained by extracting M15 is shown by the black trace. This spectrum is
very similar to that shown by MI14, with a symmetric band indicating a single site
excitation and an identical position of the band maximum. The green trace shows the
emission spectrum represented by M16, which is located to the blue of the amplified
emission region. An almost identical emission profile to M13 is observed. The only
difference between the two spectra is the intensity of the band (the maximum of M13 is
about 10 times that of M16), although this is not apparent in Figure VI.18, as the intensities

of the bands have all been normalized.

Figure VI.19 shows a series of excitation spectra generated by taking slices through
various emission wavelengths from Figure VI.17. X13 is a slice taken on the blue edge of

the AE band (Aem = 743.53 nm), and is shown by the red trace. The spectrum contains one
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strong band around 667.8 nm and a pair of broad unresolved bands to the blue of this
region. A hint of some structure on the strong band is evident, but due to the low intensity,
may be noise. A weak side band located to the red of the main excitation band is observed,

but cannot be definitively assigned.
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Figure VI.19: A series of excitation spectra of GaPcCl/N2 recorded by monitoring various
emission wavelengths. The relationship between the emission wavelength, X#n, and the 2D
spectrum is shown in Figure VI.17.

The slices through X14 and X15 (Aem = 744.90 and 744.98 nm respectively) are shown by
the blue and black traces. These spectra show excitation spectra of the most intense region
of the AE band. These excitation spectra were extracted for emission wavelengths
separated by ~1 cm™, which is similar to the splitting observed for the two sites showing
AE. The two excitation spectra are very similar, showing two regions of strong intensity
(667.99 and 665.02 nm). These bands correspond to the two regions of high intensity in

Figure VI.17 and are the only regions to show amplified emission in this matrix. The
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feature at 667.99 nm shows a sharp rise in intensity on the red side of the band, which may
be indicative of it being a ZPL. The broadness of the band is not what one would expect to
see for a ZPL, however. A possible reason for the broadness of this may be due to the
presence of multiple sites. Certainly the fluorescence spectra pointed to there being several
sites located very close in energy, and this may also be manifested in excitation. While a
ZPL is not distinct, it may be the case that a series of ZPLs from numerous sites are present
but unresolved, which causes the broadening of the band. The other excitation band in X14
is centred on 665.02 nm and probably originates from an aggregate species based on its
broadness. No weak bands to the blue are observed in either X13 or X14, indicating that
the vibronic bands in excitation do not exhibit AE. The weak red band suggested to be a
hot band in X13 does not manifest itself in either X14 or X15. Slice X16 (green trace) was
taken at the most red region of the intense AE (Aem = 745.23 nm). This spectrum appears
the most narrow in the region where the ZPL is expected to occur, a set of three partly
resolved bands is observed. These bands are centred at 668.2, 667.9 and 667.4 nm. The
broad band which has been assigned as the aggregate species is present at ~665 nm.

Otherwise the spectrum is very similar to X14 and X15.

Slice X17 (pink trace) is taken at the extreme red edge of the AE band (Aem = 745.79 nm).
This spectrum is similar to X13 in terms of its intensity, but more similar to X14 and X15
in relation to its structure. The spectrum shows the two strong bands related to the
amplified emission, but also shows the weaker bands to the blue and the aggregate band to
the red which were observed in X13. There also appears to be additional, partly resolved

features in this spectrum around 667.1 nm, which may be similar to the three bands

observed in X16.

The number of sites present in GaPcCl/N2 matrices is difficult to elucidate, even using high
resolution 2D-EE scans with laser excitation. The narrow line widths of the amplified
emission bands were not sufficient to resolve individual sites, with the possible exception
of the spectrum shown by X16. Based on the emission and AE spectra it is probable that
there are several major sites of isolation in N> matrices, with a splitting of only 0.75 cm™.
This is too small to be resolved under the current experimental conditions. This result was
consistent over a range of different deposition conditions and did not show any changes
upon annealing the matrix. The lack of any fully resolved ZPLs in excitation is quite

similar to what was observed in Xe matrices. The difference in N, however, is that there is
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evidence of several ZPLs located very close together in energy in the excitation spectra.
These ZPLs are all located between 667.2 and 668.2 nm, which is a range of about 22 cm™.
This evidence of phonon structure in excitation is not backed up in the emission data. The
site splitting in N> is not entirely analogous to that in the rare gases, as there are no well-

defined red and blue sites in N> matrices.

A study on the structurally related molecules HoPc and ZnPc by Dozova et al.® showed that
nitrogen matrices trapped these molecules in a large number of sites, similar to what was
observed with GaPcCl/Ar in this study. The complete reversal of site splitting in N> was a

surprise but may be explained by structural factors; HoPc and ZnPc are both planar
molecules, whereas GaPcCl is non-planar owing to the CI" counter ion. This may have an

effect on the type of sites the N> matrix can form.
VI.4.11.e: Matrix Summary

Figure VI1.20 provides a comparison of the 2D-EE plots in the AE region of GaPcCl in the
four matrices used in the present study. The plot shown in the top left of Figure VI.20
shows GaPcCl trapped in solid Ar. This matrix shows the richest spectroscopy of any of
the hosts used in the current study. Two major sites of isolation dominate in this matrix,
with the vibronic bands associated with AE located at 745.1 nm (blue site) and 747.2 nm
(red site). The red and blue features are split by 38 cm™. The region between the red and
blue sites is filled with sites of lower concentration, forming a continuum of amplified
emission bands. The top diagonal band of high intensity corresponds to the ZPLs from the
continuum of sites. Immediately to the blue of this narrow band lies a pair of features
which have been assigned as aggregate species due to their relative broadness in
comparison to the ZPLs. At shorter excitation wavelengths (Aex = 664 — 656 nm) vibronic

structure is clearly evident for the red site.

The top right plot of Figure VI.20 shows the Kr data, which looks quite similar to the Ar
data in that two main regions are evident. The main difference between the two systems is
the diminished intensity of the narrow ZPL region in the Kr data. In Kr, two main emission
bands dominate; one coming from a blue site at 751.6 nm and the other from a red site at
754.1 nm. The two main features are split by 44 cm™. The sites located between the red
and blue sites do not exhibit AE as strongly as the corresponding bands in Ar, indicating

these sites are not as strongly occupied in the Kr matrix. This is a property that is
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consistent throughout the matrix, as the excitation spectra show AE can be exhibited with
many bands to the blue of the 0-0 in emission in Ar, whereas Kr is primarily excited in the
region very close to the 0-0. This is probably due to GaPcCl/Kr samples often having a

lower ODs compared to the Ar samples prepared.

676
672
Ar Kr

9 A
(nm) (nm)
664 > 668
=
660 664
656 660
744 746 748 750 748 750 752 754 756 758
A (nm) Aem (NM)
670 . .
N, 685 e -
668
- fﬂ? N
681 /l/" J
E) Sl
664 T\
A )
}‘ex < (nm)
(nm) 677 <
L
660 : 4
673
656
654 669 4 )
740 742 744 746 748 750 758 760 762 764 766 768
A (NM) A (nm)

Figure VI.20: 2D-EE spectra of GaPcCl isolated in various inert gas hosts. The region
shown in each matrix is centred on the vibronic band(s) at 1540 cm™ above the band
origin(s) which is responsible for amplified emission.

The bottom right panel shows the results obtained in the Xe matrix. The spectrum looks
almost like a compressed version of the Kr data, having two regions of high intensity
(originating from AE from the vibronic band at 1547 cm™), a blue site at 762.1 nm and a
red site at 763.2 nm, corresponding to a splitting of 19 cm™. The splitting between the two
sites in Xe is about half of that of the two main sites in Ar and Kr. The Xe plot also lacks
the ZPL region that was observed in Ar and Kr, a possible indication that aggregate
formation is predominant in this host. The presence of other sites was also observed in Xe,
but these sites were difficult to resolve, partly due to how close in energy they are situated.

Vibronic bands are evident from 677 to 669 nm, reminiscent of Ar.
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The bottom left panel of Figure VI.20 presents the 2D-EE plot of GaPcCl isolated in N>. At
first glance this appears to be the simplest of all the matrices, with only a single amplified
emission band, located at 744.9 nm. However, by taking a closer look at the emission and
excitation slices through this spectrum (Figure VI.18 and Figure VI.19 respectively) it was
determined that there were at least two sites of isolation, split by only 0.75 cm™. The SP-
5001 monochromator, with the 1200 grooves/mm grating, can achieve a resolution of 0.04
nm, so these sites were not fully resolved. This is consistent with the results in emission
(Figure V.26), where only a single set of bands in the fluorescence spectra was observed,
but there is evidence for multiple sites being present in the form of shoulders appearing on
the emission bands with certain excitation wavelengths. A vast difference of the site
splitting observed on the AE band between the molecular matrix, N>, and the rare gas
matrices Ar, Kr and Xe is clearly present. An earlier study performed by Dozova® on H,Pc
and ZnPc show that N> matrices isolate these molecules in many sites spread over a wide

wavelength range in emission, similar to what happens with GaPcCl in Ar matrices.

A series of emission slices taken through the 2D-EE plots have been plotted side-by-side in
Figure VI.21 and Figure VI.22. These plots aim to highlight the differences in the site
splitting of the matrices. Figure VI.21 presents amplified emission bands obtained with
various excitation wavelenghts of GaPcCl trapped in solid N> (left panel) and Ar (right
panel). The emisson wavelenghts are taken from M13 — M16 for N> and M1 — M4 for Ar.
This plot is complementary to Figure V.52, which shows the sites in fluorescence from N
and Ar. The N2 AE spectra show two sites of isolation capable of exhibiting AE, separated
by only 0.75 cm™. Each emission ‘slice’ through the 2D spectrum shows only a single
band, indicating that only one site is excited at any given time, or if both are excited
together their bands are overlapping and unresolved. Amplified emission in the Ar matrix
is the complete opposite, with many sites of isolation all exhibiting AE, and being spread
far enough apart for each site to be fully resolved. The splitting of the two most intense AE
bands is 38 cm’!, which allows several bands to be resolved in between. Excitations can
excite either a single site (M1 for example), or many sites whose absorption bands overlap

(M2 and M3). Many sites can therefore be observed on a single spectrum.
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Figure VI.21: Emission slices of GaPcCl in N> (left panel) and Ar (right panel) recorded at
the specified excitation wavelengths. The regions shown are located around the amplified
emission bands in each matrix.

The AE spectra of Kr (left panel) and Xe (right panel) are shown in Figure VI.22 where
some interesting observations can be made. The Kr data resembles the Ar system most
closely, with two sites dominating in the matrix, split by 44 cm™. Several sites are
observed to occupy the region between the two main sites. Excitation with different
wavelengths can produce AE from either a single site (black trace) or from numerous sites
(red and blue traces). This can be achieved by selecting a wavelength that overlaps with a

strong absorption band of only one of the sites, or with many sites.
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Figure VL.22: Emission slices of GaPcCl in Kr (left panel) and Xe (right panel) recorded
at the specified excitation wavelengths. The regions shown are located around the
amplified emission bands in each matrix. The Xe data were recorded with the 600
grooves/mm grating while the Kr was recorded with the1200 grooves/mm grating.

Xe is similar to Ar and Kr, but does not contain quite as rich a site splitting as either. The
two main sites in Xe are split by only 18 cm™, and no sites can be observed occupying the
region between the two AE bands of these sites. The splitting is such that the two bands
cannot be fully resolved under the current experimental conditions. Some sites are
observed to the blue of these main sites, but can only weakly exhibit AE, and cannot be
fully resolved either. Nevertheless, some resolution can be achieved on the red site by
selectively exciting into one of its absorption bands that does not coincide with an
absorption band of the blue site (Aex = 682.1 nm). The Xe sample is similar to Ar and Kr in
some ways, but unique in others. The shape of the Xe atom is the same as the other noble
gases, but its van der Waals radius'®, and hence lattice parameter is larger, at 6.1 A

compared to 5.3 and 5.6 A for Ar and Kr respectively. This increased atomic radius will
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have an effect on the size of the trapping sites that it can form and this may explain the

different site splitting in this matrix.

An analysis of the excitation spectra of the AE bands in each matrix showed that the choice
of host can have a dramatic effect on the features present in a sample. Ar matrices tend to
exhibit sharp ZPLs for all of its sites in excitation, as well as a defined PSB. The excitation
structures to the blue of the PSB have been assigned as aggregate species based on their
broadness and lack of structure. Kr matrices also exhibit a sharp ZPL for some emission
bands, but not all of them. The corresponding PSBs were not easily detected. The broad
feature which was assigned as an aggregate in Ar is clearly present in Kr matrices and
dominates the excitation spectrum. This indicates that Kr allows a greater degree of
aggregation than Ar. Xe matrices do not exhibit any well-defined ZPLs in excitation,
indication the monomer species is not easily isolated in this but instead show only the
broad excitation band which was dominant in Kr and present in Ar. This suggests that the
larger host materials allow for aggregation to occur more easily than the smaller ones. A
study of this effect in a Ne matrix would be useful to see if this trend is maintained. The N>
matrix was different in excitation to the rare gas matrices. While no resolved ZPLs were
observed, evidence for partly resolved features indicate that several sites are present
located very close in energy. While the sites in the rare gas matrices were spread out over
an emission range of 40 — 50 cm™!, all of the sites in N2 appear to be located to within 2 cm™
! of one another. The broad aggregate feature was also present to the blue of the ‘ZPLs’ in

excitation, indicating that aggregates are easily formed in all hosts.

The source of the aggregates makes for an interesting discussion. The AE of the planar
phthalocyanines H>Pc and ZnPc®, as well as the structurally related molecules HoTBP® and
H,TAP® have all been studied in inert gas matrices. None of these studies reported the
existence of phonon structure, which has been observed for GaPcCl in the rare gases.
Furthermore, these molecules appear to preferentially form the isolated monomer, whereas
GaPcCl can form high amounts of both the monomer and aggregate species in the matrix.
The predominant force of attraction for the planar molecules will be n-n stacking, due to
the conjugation of the macrocycles. This is clearly not a strong enough force to cause the
preferential formation of aggregates in the matrix based on the previous studies mentioned
above. The GaPcCl molecule cannot undergo m-m stacking interactions because it is non

planar due to the presence of the Cl atom. However, this atom gives the molecule a strong

310



Chapter VI: Amplified Emission of ClGaPc Isolated in Inert Gas Matrices

electric dipole moment. The magnitude of the dipole moment has been calculated in the
current work to be 3.6163 Debye from the DFT results. A depiction of the charge of the
molecule is given in Figure VI.23. The dark atoms in this diagram have close to a neutral
charge. The bright red atoms (i.e. the pyrrole nitrogens and the chlorine) are negatively
charged and the bright green Ga atom is positively charged. The direction of the dipole
moment is shown by the blue arrow. Interactions between the negatively charged Cl atom
and positively charged Ga atom of neighbouring molecules will produce a strong
electrostatic attraction which may be the reason aggregates form so easily in the matrix. A
complementary calculation on ZnPc shows it to have no permanent dipole moment,
indicating that the only forces of attraction between neighbouring molecules will be the

weaker n-m stacking.

Figure VI1.23: Depiction of the electric dipole moment of GaPcCl predicted by DFT
calculations. The brighter atoms have a greater electrostatic charge than the darker atoms.

The blue arrow shows the direction and magnitude in which the dipole moment (p =
3.6163 D) is orientated.

VI.4.111: Temperature Effects

An investigation into the thermal stability of the AE bands of GaPcCl/Ar is presented in
Figure VI.24. The left panel shows the intensity of a set of fluorescence bands and the right
panel shows the AE bands at a range of different temperatures between 12 K and 24 K. As
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the temperature increases the structure and the intensity of the fluorescence bands remain
fairly constant. The AE bands, in contrast, change quite clearly with respect to
temperature. At 12 K (black trace) three resolved bands are present in the spectrum,
originating from three distinct sites of varying intensities. At 16 K (green trace) the blue
band appears fairly stable, the middle band is clearly showing less intensity than at lower
temperatures and the red band is also beginning to show a drop in intensity. When the
temperature has reached 20 K (pink trace) the blue band has also started to lose some of its
intensity. The middle band has disappeared completely, indicating AE has been ‘switched
off” for this site. The red site is still diminishing in intensity. By 24 K (purple trace) the
intensity of both remaining bands has dropped further, but the red band is probably close to
being switched off. No temperatures higher than 24 K were attempted due to approaching
the melting point of the host material. A curious effect is observed upon cooling the sample
back down to 10 K (grey trace); the intensities of the red and blue sites have interchanged,
perhaps indicating that the red aggregate feature is more thermally stable than the blue

monomer feature.
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Figure VI.24: The effect of sample temperature on the intensity of fluorescence (left
panel) and amplified emission (right panel) of GaPcCl/Ar obtained with excitation at 668.6
nm. The 10 K spectrum (grey trace) was recorded after the sample was cooled back down.
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Nitrogen matrices, which show two AE bands (split by 0.75 cm™) exhibited a curious
affect upon annealing; the red AE band moved to the blue as the temperature increased
from 10 K to 24 K, as shown in Figure VI.25. It returned to its original position when the
temperature was cooled back down to 10 K. The location of the AE band moves from
745.06 to 744.66 nm. This represents a shift of 7.2 cm™, much larger than the site splitting
observed in the matrix at 10 K. The left panel of Figure VI.25 indicates that the same
process is occurring with the fluorescence bands also. The intensity of the AE band was
diminished by 4.3 % upon heating, in contrast to what was observed for Ar in Figure
VI.24, where the intensity of the bands was reduced considerably. The origin of this effect
may be that the N> matrix is becoming softer at higher temperatures leading to a small
change packing structure'* around the GaPcCl molecule, and then returns to its original
state when the temperature is cooled back to 10 K. Unfortunately, even with the migration
of the AE band with increasing temperature, only one peak is observed throughout the
entire process, so the full extent of the N2 temperature site splitting cannot be elucidated in

this manner.
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Figure VI.25: Temperature effects on the fluorescence (left panel) and AE (right panel)
spectra of GaPcCl/N». As the temperature of the sample window is increased from 10 K to
24 K, the location of the emission bands move to the blue. The spectra recorded at the
intermittent temperatures have not been shown for clarity. The reverse process was
observed on cooling the window back to 10 K.
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A similar set of temperature dependence experiments have been performed in Kr and are
shown in Figure VI.26. The results show some similarities to N2, and some similarities to
Ar. The emission bands exhibit a blue shift as the temperature increases, just as was
observed in Nz. The other effect being observed is the change in the relative intensities of
the red and blue features. At 10 K (black trace) the intensity of the red feature is greater
than that of the blue. The blue feature is also quite broad, indicating it is part of the

aggregate species.
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Figure VI.26: Emission spectra AE bands of GaPcClUKr recorded at the specified
temperatures. The solid lines represent spectra recorded at the specified temperatures
during the annealing process. The dashed pink line represents a spectrum recorded when
the sample was cooled back down to 10 K.

At 12 K (green trace) the intensity of the red feature has diminished slightly and has shifted
slightly to the blue. The blue feature shows an asymmetry on the band, possibly the partial
resolution of another site. Its intensity has increased and position has shifted to the blue. At
18 K (blue trace) the red feature continues the pattern of losing some of its intensity and
getting shifted further to the blue. The blue feature has now lost its asymmetry and the
band width appears narrower than in the lower temperature spectra. The intensity of the

band is significantly greater at 18 K than at 10 K. At 22 K (red trace) the trend continues
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for both features. The growing intensity of the blue feature coupled to the diminishing
intensity of the red feature may indicate that the two species are connected, with the red
site transferring its intensity to the more thermally stable blue site. The positions of the
maxima of the red site are 13262 and 13264 cm™ at 10 and 22 K respectively, which
coincides with a shift of 2 cm™. The corresponding locations for the blue sites are 13295
and 13305 cm™ at 10 and 22 K respectively, which is a shift of 10 cm™. The two features
present at 22 K are present when the temperature is returned to 10 K. The intense blue
band at 13262 cm™ does not return to the unresolved structure observed in the black trace
of Figure VI.26, and its position does not shift. This means that the most stable site has
been formed during the annealing process. The red feature remains the same when the
temperature is brought back to 10 K. This result indicates that there are two highly stable
species in the matrix that are related to one another. The two broad bands observed in the
2D-EE plot in Figure VI.11 are probably aggregates, and the gap between the features may
be due to Davydov splitting. This is similar to the Ar system, where the red and blue

aggregate features show temperature dependence.

Annealing of an Ar sample exhibiting a continuum of sites also led to an interesting result.
Figure V1.27 shows a 2D-EE plot of the AE observed in an Ar sample before and after
annealing. The deposited sample shows a continuous region of colour, all of which
corresponds to different sites exhibiting amplified emission. There are two major sites
either side of this continuum which carry most of the AE intensity; namely 745.1 nm and
747.2 nm. A broad feature below the red site shows moderate intensity, and was earlier
(tentatively) assigned as an aggregate species. Following annealing to 24 K the 2D-EE
scan was performed again under identical conditions. The interesting result is that, while
much of the intensity is lost, almost all of the intensity has transformed into the red
aggregate species, with a small amount of intensity remaining in the red and blue sites and
almost nothing remaining of the continuum of sites (or at least not enough to reach the
threshold for amplified emission). The initial scan shows that all three sites are highly
occupied, and two have almost equal abundancies; the blue site (745 nm) has about 87 %
the intensity of the red site (747 nm). The middle site is obviously weaker, but still carries

a significant intensity of about 60 % of the red site.

Following annealing of the sample, there is a shift in the relative intensities of these bands;

the blue band is now only about 27 % as intense as the red band, and the middle band is
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even lower at 13 %. It appears that amplification has in fact switched off for this site, as the
number density has fallen below the threshold for stimulated emission — in fact this appears
to be the case for all of the AE bands associated with the continuum of sites observed in
the deposited sample. The dramatic change in the structure of the sites after an annealing
process indicates that there is one predominantly stable site — the red site — and a number
of less stable sites that are only occupied on deposition. The heating process transforms the

arrangement of the matrix, and appears to promote aggregation.
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Figure VI1.27: 2D Excitation-emission plots of GaPcCl in Ar recorded at 10 K. The plot on
the left has been recorded after deposition and the plot on the right after annealing to 24 K.
These spectra were recorded with the 600 grooves/mm grating installed in the
monochromator.

A series of emission slices with excitation wavelengths M1 — M4 are presented in Figure
VI.28 for the deposited and annealed samples of GaPcCl/Ar. The effect of annealing
clearly has a significant effect on the sites in the matrix which can be seen from the
differences in the AE bands present with the various excitation wavelengths. The red traces
show excitation into the 0-0 band in absorption. This has been shown in earlier figures to
exhibit emission from a single site at 747 nm and is no different in Figure V1.28. Emission

from the shoulder to the red of the AE band (possibly from the PSB of another site) in the
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deposited spectrum is not evident in the annealed sample. This may indicate that these

weaker sites have been rearranged to that of the dominant red site, or have formed

aggregates.
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Figure VL.28: Emission slices extracted from the 2D-EE plots presented in Figure VI.27,
which show GaPcCl/Ar before and after annealing. The emission wavelengths match those
of M1 — M4. These spectra were recorded with the 600 grooves/mm grating installed in the
monochromator.

The blue traces show excitation at 668.6 nm (M2) and display the most dramatic effect of
annealing. A reversal of the intensities of the AE bands from the red aggregate and blue
site (located at 747.06 and 745.47 nm respectively) occurs after annealing. This indicates a
significant restructuring of the sites in the matrix upon a heating and cooling cycle of the
sample window. The intensity of the aggregate emission is weaker than that of the blue site
in the deposited sample. Most of the emission intensity is either lost or has shifted to the
aggregate species after annealing. This restructuring is also evident in the 2D-EE plot,
where the AE band of the blue site changes from being one of the most intense bands in the

deposited sample to being just above the fluorescence intensity in the annealed sample.
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The AE band of the site located at 746.28 nm loses much of its intensity upon annealing.
This may be due to the matrix softening at high temperatures and allowing the GaPcCl
molecules to diffuse and, due to the large dipole moment on the molecule, preferentially
form aggregates in the more thermally stable red feature. The black traces (Aex = 666.4 nm)
also show an interesting effect on the emission before and after annealing. AE from the red
site appears to have switched off completely after annealing. The AE band at 745.95 nm on
the deposited sample has shifted to 745.39 nm after annealing (a shift of 10.2 cm™), and

also carries much less intensity.

The green traces (Aex = 657.8 nm) indicate that AE has been completely switched off in the
annealed sample at this excitation wavelength. As the intensity of the emission has been
shown to decrease after annealing, it is unsurprising that excitations into the vibronic bands
no longer yield AE. The two bands present in the deposited sample are still evident, but are
broader and much weaker. This is a good indication that normal fluorescence is again

being observed.

VI.4.1V: Matrix Influences on the Amplified Emission of GaPcCl
VI.4.1V.a: Argon

Emission of GaPcCl recorded in Ar was notable for its sharp bands and a well-defined 0-0
transition. Excitation into the 0-0 in absorption gave the simplest fluorescence with a single
set of emission bands, as shown in Figure V.5. Excitation into the blue produced a
‘doubling’ of the observed emission bands. Emission from the 0-0 of the ‘blue’ site can be
reabsorbed by the red site causing a second set of emission bands to appear in the
spectrum. The location of the of the ‘blue’ emission bands changes with respect to the
excitation wavelength, indicating multiple sites are present in the matrix. High
concentration samples also showed amplified emission on the vibronic band measured to
be 1540 cm™! above the band origin (747.2 nm from the red site). Due to the absorption and
emission spectra showing evidence of many sites of isolation, high concentration samples
could also exhibit amplified emission from a large number of well occupied sites. Figure
VL8 and the Figure VI.9 demonstrate the different sites in Ar that can exhibit AE. The
three major sites responsible for AE emit at 745.1, 746.1 and 747.2 nm. Several more AE
bands were observed in this matrix, but they were all weaker than the three mentioned

above. The fact that so many bands exhibit the property indicates a high density of
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molecules occupying many different sites and a very efficient method for exciting into

Level 2 of the energy level diagram shown in Figure VI.6.

The excitation spectra recorded in Ar exhibited the most resolved features in any matrix for
both the regular fluorescence bands and the AE bands. The spectra shown in Figure V.9
and Figure V.12 show the shifting of the location of the 0-0 in excitation of a number of
fluorescence bands and AE bands respectively. These shifts are due to the presence of
many sites in the matrix. In all instances there is a well-defined sharp peak corresponding
to the zero phonon line. The phonon side band was evident for the most abundantly
occupied sites. The very weak phonon coupling (S = 0.2) is responsible for the complicated
emission spectra recorded with excitations to the blue of the 0-0, as discussed in Chapter
V. Vibronic bands extended up to 1000 cm™ in excitation, some of which were capable of

exhibiting AE.

A pair of strong features is evident in the 2D-EE spectrum which manifest as broad bands
in both emission and excitation. The locations of the maxima of the red and blue features,
which have been assigned as aggregate bands, are located at Aem = 747.22 and 745.11 nm
respectively. These are located very close to the emission wavelengths of ZPLs of the
dominant red and blue sites, but do not match up exactly indicating that they are a distinct
species. The relative intensity of these aggregate bands changes with respect to the intense
ZPLs depending on the deposition conditions used in the preparation of a given sample.
The ZPL of the red site was typically the most intense band in the spectrum regardless of
deposition conditions. The aggregate species were found to be more stable than the

monomers upon annealing.
VI.4.1V.b: Krypton

The spectroscopy of GaPcCl recorded in Kr is in part, similar to that in Ar. The 0-0
transition in absorption becomes more clearly defined with higher temperature depositions,
as does the resolution of the vibronic bands and this can be seen in Figure V.14. The 0-0
was identified at 675.6 nm, red shifted with respect to both N> and Ar. Higher temperature
ovens and larger gas flows again yielded more concentrated samples, but where N> and Ar
matrices typically showed AE once the sample was saturated in absorption, this was not
the case for Kr. While AE was observed in Kr, it was more difficult to produce samples

capable of exhibiting the effect in this host than in Ar or N2. In samples where AE was
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observed, the presence of two strong AE bands was also reported; 751.6 and 754.1 nm.
Both AE bands involved the vibronic mode at 1540 ¢m™, and therefore originated from
two distinct sites. A number of weaker AE bands are present in the spectrum also, but with

much lower intensity than the main AE bands.

The 2D-EE plot presented in Figure VI.11 shows two major features that are quite broad in
both emission and excitation, similar to the aggregate species reported in Ar. This suggests
that aggregate formation may be more common in Kr matrices than in Ar matrices. A
series of emission slices through the 2D plot were presented in Figure VI.12, and show a
number of intense AE bands. Depending on the excitation wavelength, several bands can
exhibit AE at once, and in some cases the bands are located too close together to be fully

resolved. This indicates a continuum of sites is present in Kr, similar to what was observed

n Ar.

Excitation spectra in Kr show similar features to those observed in Ar. A selection of
excitation spectra presented in Figure VI.13 show only weak ZPLs compared to their
intense counterparts in Ar. The phonon structure observed in Ar is not present in Kr,
possibly due to the low intensity of the ZPLs. The 2D-EE plot shows two regions of very
sharp lines (less intense than in Ar, but in the same location) which indicates that a
continuum of sites exists in Kr. The broad bands which were attributed to aggregate
species in Ar dominate the excitation spectra in Kr. This is consistent with the earlier
observation that the 2D-EE plot contains two main sites which are quite broad in both

emission and excitation.
VI1.4.IV.c: Xenon

Emission from Xe was comparable to both the N> system and Ar and Kr systems. The
broad fluorescence bands are reminiscent of the N> samples, while the doubling of the
spectrum due to the presence of sites is more like Ar and Kr. The spectra presented in
Figure V.44 show how Xe has similarities to all of the matrix hosts used in the current
work. The broadness of the fluorescence in Xe may be intrinsic due to its light scattering
properties. Figure V.26 shows how the fluorescence changes with respect to the excitation
wavelength. Two main sites seem to dominate the spectra and this is verified by looking at
the amplified emission. Figure VI.14 and right panel of Figure VI.15 show two AE bands
(762.1 and 763.2 nm), consistent with the fluorescence data. While it is probable that more
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than two sites are present in this host, only the aforementioned AE bands show any degree

of resolution.

Excitation spectra in Xe are less resolved than in Ar or Kr, but do show similar structures
up to 1000 cm™. The 0-0 band in excitation is much weaker than in any of the other
matrices and is not even the most intense peak on the spectrum. The excitation spectra of
the AE bands are far more resolved and have very similar vibronic structure to the AE
excitation spectra recorded in Ar and Kr. The ZPL is not evident in Xe, unlike the lighter
rare gas matrices, which indicates the monomer species is not present in Xe matrices. The
aggregate species observed in Ar and Kr dominates the AE region in both emission and

excitation.
VI.4.1V.d: Nitrogen

N2 matrices were easily able to exhibit amplified emission with pulsed laser excitation. The
emission spectra recorded in N> tended to be quite broad with the hint that there may be
several sites present very close together in energy. Despite several attempts, these sites
could not be resolved. Figure V.35 shows the emission spectra of GaPcCl trapped in N>
excited by a number of different wavelengths. In all instances, the band positions appear at
the same energy and there is little difference in their shapes either. In spite of this, it is
likely that a number of sites are the cause for the broadness of the fluorescence bands. The
more concentrated samples were also capable of exhibiting amplified emission. Only a
single band was observed at 744.9 nm, 1532 cm’ above the band origin. Due to the
narrowness of AE bands, these would be the perfect candidate to elucidate the site splitting
in this matrix, but alas only two bands could be distinguished (745.06 and 744.98 nm) as
shown in Figure VI.17 and Figure VI.18.

Excitation spectra mirror what was observed in emission in the sense that the bands were
generally quite broad. There is a sharp peak corresponding to the 0-0 in excitation and
several broader bands extending to about 1000 cm™ beyond this. The spectra shown in
Figure V.39 show the excitation spectra in N> monitoring a host of different emission
peaks. A very small, but noticeable shift (< 5 cm™) in the position of the 0-0 is evident
which indicates the presence of multiple sites. The small energy difference between the
sites may be the reason they cannot be resolved, as the splitting in other matrices can be as

large as 50 cm™'. Excitation spectra of the AE band show two broader structures which are
g p
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believed to the aggregate species observed in the rare gas matrices. Vibronic bands extend
up to 1000 cm™!, similar to what was observed for the excitation of the fluorescence bands.
The resolution of the vibronic bands of N> in excitation is poor in comparison to the rare
gas matrices and could not be improved despite forming several samples with various

different deposition conditions.

VI1.5.V: Phonon structure of GaPcCl/Ar

The high resolution emission and excitation spectra of GaPcCl/Ar contained well resolved
ZPLs and PSBs. A Wp line fit was performed on the most red site in order to gain insights
into the phonon structure of this system, the results of which are shown in Figure VL.5. The
line fit matches the ZPL and first PSB in both emission and excitation. It also correctly
predicts additional weaker PSBs to the red of the ZPL in emission, although the position of
this band is slightly off what is observed experimentally. The fit also predicts additional
PSBs to the blue of the ZPL in excitation, but these are obstructed by the so-called
aggregate species which has been observed in all matrices. The ZPL and PSB are observed
in excitation for each site present in the continuum of sites, as shown most clearly in
Figure VI.A1 and Figure VI.AS. Due to the abundance of features in this host material, the
same cannot be said in emission, because excitation wavelengths to the blue of 670.3 nm
tend to produce AE from multiple sites as well as from the aggregate species. Even though
this is a problem, the intense blue site (region III in Figure VI.8) does show this phonon

structure, as well as emission from additional sites, as shown by trace M2 in Figure VI.9.

The aspect of the Wp fit which does not match the experimental data very well are the
intensities of the hot bands. These bands are predicted to have a comparable intensity to the
first phonon side band, but are present only as very weak shoulders in the experimental
spectra. While this may indicate a deficiency of the model to correctly describe the
behaviour of AE, it may instead be an experimental issue surrounding the threshold
conditions of the non-linear optical process for the hot bands. Recording spectra at higher
temperatures should result in some enhancement of the intensity of the hot bands, but these
experiments have not been performed with the higher resolution 1200 grooves/mm grating.
High temperature scans recorded with the 600 grooves/mm grating were inconclusive as to
the effect of the temperature on the intensity of the hot bands, owing to the ZPL and PSB

not being resolved in these scans.
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The phonon structure observed for GaPcCl/Ar supports two of the assignments made in
this matrix; a large amount of the isolated monomer is trapped in this host, spread out
among a continuum of sites (shown by Figure VI.A1), and that the excitation features to
the blue of the ZPLs in the 2D-EE plot shown in Figure V1.8 do not correspond to emission
from the isolated monomer. Instead, due to their broadness and lack of resolved sites, these

have been assigned as aggregates.

The same phonon structure observed in Ar was not as evident in any of the other host
materials used in the current work. Kr showed the presence of a ZPL in excitation, but this
narrow band was less intense than the broad band from the aggregate species and there was
no evidence for PSBs. This would indicate that Kr is less effective than Ar at trapping
GaPcCl as a monomer. Xe matrices contained no traces of any phonon structure, which
suggests the trend that the heavier matrices promote the aggregation of GaPcCl. These
observations suggest an interesting follow-up study to investigating the lineshapes and
possible phonon structure of GaPcCl trapped in Ne matrices. The AE band of GaPcCl in
N2 matrices exhibits some different effects. In AE it appears that very few sites are present,
and no phonon structure is observed. In excitation, however, a sharp rise in intensity on the
band centred at ~668 nm is perhaps indicative of a ZPL, as shown in Figure VI.19. This
band is unresolved, probably due to the high number of sites which are evident in N>

matrices. No resolved phonon structures were observed in this matrix.

VI1.5: Conclusions

The observation of amplified emission in all matrices indicates GaPcCl is a robust dye
molecule which can be isolated in stable sites in a range of different environments. A
threshold dependence on the AEs process was evident as low concentration samples did
not exhibit this phenomenon, whereas slightly higher concentration samples could produce
an array of AE bands, each originating from a different site. The vibronic band associated
with this phenomenon was identified with input from DFT calculations and this also
confirmed that the multiple AE bands in a sample were originating from different sites of
isolation, and not from different vibronic bands. The vibrational mode responsible for the
effect involved an asymmetric stretch of the bridging Co-Nm-Co bonds, and coincides with

the strongest Raman-active mode observed experimentally and predicted by DFT.

323



Chapter VI: Amplified Emission of ClGaPc Isolated in Inert Gas Matrices

2D-EE plots were used in conjunction with amplified emission to extract information about
the sites present in each matrix. It was observed that N> produces the seemingly simplest
matrices with only a single band evident under the highest possible resolution of the
experiment. Kr and Xe matrices were more complicated, showing several stable sites of
isolation. Ar was the most complicated matrix, trapping molecules in numerous different
sites causing what looks like a continuum of emission and amplified emission bands.
Annealing of the sample showed a preference for the red-most site to be occupied,
indicating it is the most stable. A reversal of the trend of site occupancies was observed for
GaPcCl compared to HoPc and ZnPc®. Where the planar phthalocyanines showed many
sites in N> matrices, the non-planar GaPcCl appears to have much simpler site splitting in
this host. The opposite was observed in the rare gas matrices, where GaPcCl contains
several highly occupied sites compared to H>Pc and ZnPc, which contain fewer sites. The
energy gap of the dominant red and blue ‘aggregate’ features was largest in Kr (44 cm™)
and Ar (38 cm™), while that in Xe was only 19 cm™. The splitting’s in N> were too small to

be resolved under current experimental conditions.

Ar tended to form matrices capable of trapping the molecule in its monomeric form (as
demonstrated by the Wp lineshape analysis of the simplest emission and excitation bands
in Figure VL5), but these samples always contained significant amounts of aggregate
species. The heavier rare gases, Kr and Xe, were very poor at trapping the molecule in its
monomeric form, but were efficient at producing samples containing large amounts of the
aggregate species. The presence of aggregates was also observed in N2 matrices. This trend
is inconsistent with other porphyrin systems studied in the matrix’, where the heavier
matrices were excellent at trapping the guest species in highly isolated sites as a monomer.
The difference between GaPcCl and the other porphyrin systems which have been studied
in the matrix is that it is a non-planar molecule due to the presence of the Cl™ ion. This
atom prevents n-n stacking of GaPcCl dimer, which occurs in the planar phthalocyanines'!,
and would suggest that the planar Pcs should be more efficient at forming aggregates.
However, the Cl atom gives the GaPcCl molecule a large electric dipole moment
(calculated at 3.6163 Debye from DFT calculations in the current work), and this allows

for strong Coulombic interactions to occur, promoting aggregation.

The current work on GaPcCl has yielded new insights into the different features that can

form when non-planar phthalocyanines are isolated in inert gas hosts. This is the first
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known instance of a phthalocyanine molecule exhibiting phonon structure when isolated in
solid Ar, and has allowed for the GaPcCl monomer to be identified in Ar and Kr. Its
position in N is also expected to be located around 745 nm in excitation based on these
results. The narrowness of the ZPL of the monomer has given credibility to the assignment
of the broad emission/excitation features being aggregate species. The calculation of a
strong electric dipole moment for GaPcCl also gives a mechanism for how aggregates may
form more easily than for the planar phthalocyanines. This work also opens the questions
as to whether phonon structures and aggregation occurs in the other non-planar
phthalocyanines. The first obvious candidate for a follow-up study would be the well-

known AIPcCl molecule.
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VI.7: Appendix
ZPL
; PSB
GaPcCl/Ar (monomer)
670
AeX
(nm) Aggregate?
669
668

744 746 747 748

A, (NnM)

Figure VI.A1: An expanded view of the 2D-EE plot of GaPcCl/Ar in the three regions of
the AE bands. The regions corresponding to the ZPLs and PSBs of the isolated species are
labelled. The region which has tentatively been assigned as an aggregate species has also

been labelled.
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Figure VI.A2: Expanded view of region I (the red features) from the 2D-EE plot of
GaPcClV/Ar shown in Figure VI.8. Here the region corresponding to the ZPLs are
represented with the red contour lines. The region immediately to the blue in excitation of
the ZPLs are the PSBs, which carry much less intensity. Even further to the blue is a broad
feature which has been tentatively assigned as an aggregate. The red and blue dashed lines
show the wavelengths of the emission and excitation spectra that were extracted to perform
the Wp fit function on.

Figure VI.A3: Expanded view of region II (between the red and blue features) from the
2D-EE plot of GaPcCl/Ar shown in Figure VI.8. Here the region corresponding to the
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ZPLs are represented with the red/orange contour lines. The PSBs are more difficult to
identify in this region. There is no evidence of the broad feature which is present in both
the red and blue regions.

669

668

(nm)|_

667

666 |

Figure VI.A4: Expanded view of region III (the blue features) from the 2D-EE plot of
GaPcClV/Ar shown in Figure VI.8. Here the region corresponding to the ZPLs are
represented with the red contour lines. The PSBs are difficult to identify on this scale. A
broad feature located to the blue of the ZPLs has been tentatively assigned as an aggregate.
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Figure VI.AS: A selection of excitation spectra of GaPcCl/Ar extracted from a 2D-EE plot
at different emission wavelengths. Each spectrum is shown as its shift from the 0-0 band to
demonstrate that the vibronic structure is common to all sites.
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Figure VI.A6: Emission and excitation slices extracted through the maxima of the broad
red and blue features in Figure VI.8. The broadness of the bands, especially when
compared to the ZPLs of the monomer species, indicate that these features are aggregates.
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Figure VI.A7: Expanded region of the red features from the 2D-EE plot of GaPcCl/Kr
shown in Figure VI.11. The region represented by the red contour lines corresponds to the
aggregate species identified in the Ar matrix. The ZPLs from the most red sites are located
to the red of this feature, but carry significantly less intensity. This is contrasting behaviour
to Ar, where the ZPLs carried the most intensity.
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Figure VI.A8: Expansion of the region between the red and blue features from the 2D-EE
plot of GaPcCl/Kr shown in Figure VI.11. The corresponding area in the Ar spectrum
showed a series of ZPLs which are not evident here.
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Figure VI.A9: Expanded region of the blue features from the 2D-EE plot of GaPcCl/Kr
shown in Figure VI.11. The region represented by the red contour lines corresponds to the
aggregate species identified in the Ar matrix. The ZPLs from the monomer species are
located to the red (in excitation) of this feature, but carry significantly less intensity. This is
contrasting behaviour to Ar, where the ZPLs carried the most intensity.
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Figure VI.A10: 2D-EE plots of GaPcCl in Kr recorded at 10 K. The plot on the left has
been recorded after deposition and the plot on the right after annealing to 22 K. Both
spectra were recorded with the 600 grooves/mm grating installed in the monochromator.
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Chapter VII: Conclusions

The aim of this work was to conduct a combined experimental and theoretical study on
some of the structural and spectroscopic properties of metal phthalocyanines (M-Pcs) and
metal tetraazaporphyrins (M-TAPs). Experimental work consisted primarily of matrix-
isolation spectroscopy of M-Pcs and M-PcCls. Quantum chemical calculations were
extensively employed to assist with the analysis of complicated experimental results and as
a standalone method for investigating other phenomena. Density functional theory (DFT)
was the preferred theoretical method in this work, as it has a proven track record for
accurately describing the ground state properties of small to medium sized molecules. DFT
was used to examine the structure of a number of metal phthalocyanine and metal
tetraazaporphyrin species. The effect of isotopic substitution of the inner hydrogens on
free-base porphine and related tetrapyrroles was also studied using DFT calculations.
Infrared spectroscopy experiments were conducted on MgPc, AIPcCl and GaPcCl isolated
in inert gas matrices. Raman scattering experiments and DFT calculations were also run on
these molecules, allowing for a comprehensive vibrational analysis to be performed. The
visible luminescence spectra of matrix-isolated GaPcCl were recorded in a number of
different inert gas hosts. The effect of the host on the absorption, emission and excitation
spectroscopy was thereby analysed. Amplified emission from GaPcCl was observed in
highly concentrated matrix samples, and this was used to probe the features present in each

matrix host.

VIIL.1: Symmetry of the M-Pcs and M-TAPs

A theoretical approach was used to determine the effect of a metal occupying the central
cavity in TAP and Pc using DFT methods. The free-base (metal-free) TAPs and Pcs are
expected to be planar with Doy symmetry'. Incorporating a metal into the inner cavity
changes the symmetry based on the fact that it will bind to all four of the pyrrole nitrogens.
A series of DFT calculations was performed on the M-TAPs and M-Pcs where M = Mg,
Ca, Sr, Ba, Zn, Cd, Hg, AICI, GaCl, Al" or Ga". Each molecule was given an initial Dan
symmetry (except for the M-PcCls/M-TAPClIs) and the structure was then optimized using
DFT methods. Where available, the structures predicted by DFT agreed excellently with
crystal structures. Two structures emerged from the calculations depending on the size of

the metal atom — planar with D4n symmetry or non-planar with Csy symmetry. The extent
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to which the metal lies above the plane of the ring was entirely dependent on its size, with
larger metal atoms sitting higher above the plane. A doming was observed on the rest of
the porphyrin for the non-planar molecules, the severity of which was also related to the

size of the metal atom.

Calculations performed on AlIPcCl and GaPcCl showed these molecules to be non-planar
with the metal atom slightly above the the N4 plane. The porphyrin ring also exhibited the
doming effect observed when large metal atoms inhabited the cavity. A complementary
calculation on the related AIPc* and GaPc™ molecules showed them to be planar with Dan
symmetry, indicating that the presence of a counter-ion pulls the metal from the
macrocycle cavity and distorts the planarity of the porphyrin ring. The extent of doming
observed on the M-PcCls/M-TAPCls was significantly smaller than the M-Pcs/M-TAPs.
The macrocycles of AIPcCl and GaPcCl are distorted from being planar by only 2.8 and
3.9 © respectively. This may explain why these molecules are so strongly absorbing in the

visible, as they have not lost any of their conjugation — a requirement for aromaticity.

The symmetry of these molecules has a significant effect on their vibrational spectra. The
structural difference between a Dy and a Cs4y M-TAP/M-Pc does not appear great; both
symmetries will have the same number of atoms and hence the same number of vibrational
modes (3N-6). The Dan point group contains the ‘i” symmetry element, denoting a centre of
inversion exists in the molecule. This implies that the ‘rule of mutual exclusion’ applies,
where IR active modes are not Raman active and vice versa. This rule does not apply to the
Cav point group, so IR active modes can also be Raman active. This effect was observed by
investigating the vibrational spectra of the C4y molecule CaTAP and the Da4n molecule
MgTAP, where some modes of CaTAP show well defined peaks in both its IR and Raman
spectra, whereas the equivalent mode of MgT AP will appear in only one spectrum. This
symmetry effect was also observed in the experimental IR and Raman spectra of MgPc and

AlPcCl.

VIL.2: Vibrational Analysis of Matrix-Isolated MgPc¢, AlPcCl
and GaPcCl

The infrared spectra of MgPc, AIPcCl and GaPcCl have been recorded in solid Ar and N>
matrices at cryogenic temperatures. Highly resolved vibrational bands were observed in the
400 cm™ to 1700 cm™ region for each molecule. Spectra recorded in inert gas matrices

were compared to those recorded in KBr discs. A substantial improvement in the resolution
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and the linewidths of bands was observed in the matrix owing to molecules being highly
isolated and weakly interacting with the host material. The IR spectra were analysed with
the input of high level DFT calculations, which agreed excellently with experimental
results when a scaling factor was applied to the predicted vibrational frequencies. The DFT
calculations allowed for the symmetries and motions of each vibrational mode to be
described and it was found that the IR spectra of MgPc (AIPcCl, GaPcCl) consist of mostly
Az (A1) and E, (E) modes, pertaining to out-of-plane and in-plane distortions of the
porphyrin ring and outer hydrogens.

The Raman scattering spectra of MgPc, AlPcCl and GaPcCl were recorded in room
temperature KBr discs using two excitation sources; a 532 and a 660 nm CW laser.
Deviations in the positions of the high frequency vibrational bands with respect to the laser
excitation wavelength indicate a slight calibration issue with the spectrometer system.
Intensities of several bands differed significantly depending on the excitation source,
which is an indication of resonance Raman effects. A broad fluorescence background was
also observed with the 660 nm excitation — a wavelength where these molecules tend to
have their strongest absorption bands*?. Scaled DFT Raman frequencies compared well
with the experimental spectra, although not as well as with the IR results. The intensities of
the modes below 1000 cm™ were underestimated, but the frequencies were predicted to a
reasonable accuracy. An analysis of the Raman spectra shows that the Raman active modes
which carry the most intensity are all in-plane vibrations, usually involving distortion of

either the macrocycle or the isoindole units.

VIL.3: Reverse ISR of Free-base Porphyrin and Related
Tetrapyrroles

The effect of isotopic substitution of the inner hydrogens on the free-base tetrapyrroles
showed some intriguing effects. Contrary to expectations, not all of the vibrational modes
associated with the N-H(D) bond showed an isotopic shift ratio (ISR) value of greater than
1. The high frequency, N-H stretching modes show the expected trend. This is because
they are highly localized and crossings can occur with the C-H stretching modes as the
mass of the hydrogen increases. This is due to the fact that there is no inter-mode-coupling

in these modes and thus the expected ISR ratios are observed for these modes.

The lower frequency N-H OP bends involve well defined out-of-plane bending motions in

both the N-H and N-D bonds. No crossings occur for the By, symmetry Raman-active
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modes for the smaller tetrapyrroles (P and TAP), but crossings do occur for the B»; modes
of Pc and TBP as they still involve localised N-H motions, as can be shown with simple
mass dependence curves. Due to a single mode crossing which occurs in both Pc and TBP,
frequency increases do occur in the heavier isotopomer 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 B3y OP bending modes are slightly more numerous than their Raman
counterparts and exhibit more complex behaviour. The N-H OP bending mode is crossed
by two modes for all four molecules. One of these modes is weakly coupled with the N-H
OP bend and passes directly through the N-H OP bending mode, while the other mode is
strongly coupled and produces a large avoided crossing. The strong coupling of the two
modes causes an increase in the frequency of the heavier isotopomer, and this produces a
reversed ISR value. In all these situations the vector diagrams of the motions reveal a
reversal of the N-H and N-D motions between the light and heavy isotopomer. The OPB
modes provide the simplest examples of the effect the reverse ISR effect, where coupling

of modes is necessary for an avoided crossing to exist.

The N-H IP bending modes show more complex behaviour than their OPB counterparts
due to the large number of modes with Bz, and B3, symmetries. This results in the N-H(D)
IP bending modes to be dispersed over many vibrational modes. The change in the N-H
frequencies is less than the predicted mp? mass dependence due to the dilution of this
motion over several modes. No IPB mode can be assigned as the true NH(D) IPB mode as
the contribution of NH(D) motion in these modes is always below 30%. These modes are
located in a congested spectral region (around 1000 — 1200 cm™) where crossings occur
with modes containing no NH(D) motion. These crossings all involve modes that are not
strongly coupled. Some B3, modes experience coupling in the high frequency (1200 cm™)
range but produce only weak avoided crossings. The best examples of this are present in

porphyrin and TBP. This coupling does not occur in TAP and only weakly in Pc.

VII1.4: Visible Spectroscopy of Matrix-Isolated GaPcCl

The UV/Vis absorption of GaPcCl was studied in the inert gas hosts N, Ar, Kr and Xe at
cryogenic temperatures. The locations of the Q and B bands were measured around 670
and 350 nm respectively. The location of these bands shifted towards the red as the mass of

the host gas increased and the interaction between the host and guest species got stronger.
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TD-DFT calculations were performed to determine the electronic transitions of GaPcCl
and were found to be consistently blue-shifted from their experimental counterparts. Weak
transitions were observed experimentally in the 400 — 450 nm region which were also
found in the TD-DFT calculations. A comparison of matrix absorption spectra with
solution phase results show that the solid state produces much sharper bands with vibronic
structure extending up to around 600 nm. The solution phase spectrum shows three broad
features in the region of the Q band. These three bands correspond to the band origin and
two of the strongest vibronic bands, which were identified in the higher resolution matrix

absorption spectra.

Emission spectra of GaPcCl were recorded by exciting into the strong absorption bands.
Sharp fluorescence peaks were typically observed up to 760 nm. A measurement of the
shift from the 0-0 shows vibronic bands in emission extending up to about 1600 cm™ from
the band origin, and was consistent for all matrix hosts. Shifts in the positions of the
vibronic bands with respect to the excitation wavelength were indicative of there being
more than one site present in the matrix. The simplest fluorescence spectra were recorded
by exciting into the dominant red site, where only a single site produced emission. The
vibronic bands in emission were compared with ground state Raman results and a good
agreement was found. This agreement is due to the similar set of selection rules that govern
both sets of transitions, and allowed for a vibrational analysis of the first excited electronic
state to be performed. Mirror symmetry between the absorption and emission bands was
observed, indicating the structures of the ground and excited electronic states do not differ
significantly. The emission lifetime of GaPcCl was measured in each matrix host and
found to be consistently between 2.3 — 2.6 ns; a timescale expected for a strongly

absorbing dye molecule.

Excitation spectra were also recorded and showed some good structure up to 1000 cm’
from the 0-0 in excitation. Similar vibronic bands in excitation were found in all of the
hosts used in the current work, with varying levels of resolution. Good agreement between
the 0-0 and vibronic bands in absorption and excitation further reinforced the idea that the
ground and excited states have a very similar structure. Site structure was also observed in
excitation, as the 0-0 in excitation shifted depending on which emission wavelength was

being monitored.
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VIL.S: Amplified Emission of Matrix-Isolated GaPcCl

In high concentration samples of matrix-isolated GaPcCl a single vibronic band in
emission showed a significant gain in intensity when excited with a high powered pulsed
dye laser. This phenomenon was observed in all four host gases and was attributed to being
amplified emission (AE). This was proven to be the correct assignment by identifying three
key properties of AE. Firstly was the aforementioned enhancement of the emission
intensity of a single vibronic band, along with a significant narrowing of the bandwidth of
the peak compared to that of the normal fluorescence. The second piece of evidence for
this being AE was the lifetime of this enhanced band, which closely resembled the decay
profile of the laser pulse more so than the fluorescence decay profile. Finally, a threshold
dependence on this process was observed by varying the intensity of the laser pulses. The
threshold dependence argument is also consolidated by the fact that the lower
concentration samples did not exhibit AE under any circumstances. A comparison of the
emission and Raman/DFT spectra allowed for identification of the vibronic band
associated with AE. The most intense Raman active mode is responsible for the effect; a B2
mode at 1540 cm™ (for GaPcCl/Ar) corresponding to an asymmetric stretch of the Co-Nm-
C. bonds. A similar vibrational mode has been identified to be responsible for AE in the

structurally related molecules HoPc, ZnPc*, H,TBP® and HTAPS.

In most samples of matrix-isolated GaPcCl, it was possible to excite more than one AE
band with a single excitation wavelength. This was indicative of there being several sites
present in these samples, consistent with observations from the fluorescence data. A Wp fit
was performed on the high resolution emission and excitation AE spectra of the most red
site of GaPcCl/Ar (which gives the simplest emission/excitation spectra) in order to
understand the nature of the electronic transition. A sharp ZPL was observed, along with a
moderately intense PSB. A second PSB was evident in emission, but was obscured in
excitation by a different species which was tentatively assigned as an aggregate due to its
broadness. The Wp fit also predicts fairly intense hot bands to arise, but these were not
observed experimentally. This may be a threshold issue associated with AE, as the Wp fit

is generally used to describe fluorescence.

2D excitation-emission (2D-EE) spectra recorded in the region of the AE bands were used
to investigate the sites in each matrix due to the highly selective nature of AE, coupled

with the narrow bandwidths it produces. A continuum of sites was observed in Ar matrices,
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each with a well-resolved ZPL and PSB. These sharp lines were attributed to being the
isolated monomer from different sites. Two major features to the blue of the ZPLs in
excitation also exhibit AE strongly. These features, separated by 38 cm™, have been
tentatively assigned as aggregates due to their broadness, especially when compared to the
narrow ZPLs. Kr and Xe matrices showed some similarities to the Ar matrix, although they
did not appear as extreme with the number of sites present, and the phonon structure is not
as clear in either matrix. The ZPLs from isolated monomers of GaPcCl may have been
evident in Kr, but they were not the dominant species in this host. Instead, Kr matrices
showed two main features which exhibit AE (split by 44 cm™), and a host of sites which
exhibited weaker emission located between these two sites. These features were most
likely the aggregate species observed in Ar. Xe matrices also had this structure, although
the splitting between the two major features was only 19 cm™. No ZPLs were observed in
Xe, indicating very little isolated monomer was present in this host, and certainly not
enough to reach the threshold value required to exhibit AE. N> matrices showed sites
located very close together in energy; too close together to be resolvable under the current
experimental conditions. The rich abundance of features in the atomic matrices and
apparent lack of sites in N> was incongruous with previous matrix studies on porphyrin and
phthalocyanine molecules. The reversal of site structure between the atomic and molecular
matrices was likely due to the non-planar structure of GaPcCl compared to the planar
structure of the species use in the earlier studies. The presence of large amounts of
aggregates in the matrix in the current study was also inconsistent with previous work. The
most likely explanation for the formation of the aggregate species (particularly in the
heavier hosts) was due to the permanent dipole moment of GaPcCl. This strong attractive
force (at short distances) allowed for neighbouring molecules to form dipole-dipole
interactions, and these ‘aggregate’ species were responsible for the broad AE bands

observed in the 2D-EE spectra.

The current experimental and theoretical work has given some novel insights into the
spectroscopy of matrix-isolated phthalocyanines. The Q and B bands are the most well-
known absorption bands of the porphyrins and phthalocyanines. A set of weaker bands
have been identified immediately to the red of the B band in the absorption spectra of
GaPcCl isolated in inert gas hosts, and these weak transitions have also been predicted by

TD-DFT calculations. To the best of the author’s knowledge, these bands have not been

339



Chapter VII: Conclusions

described for other porphyrin/phthalocyanine systems, and may warrant further research.
While the observation of AE for GaPcCl is perhaps unsurprising given the historical
significance of the closely related AIPcCl molecule’, this phenomenon has allowed for the
identification of several features in the matrix which could not have been observed with
normal fluorescence. Resolved phonon structure has been observed in both emission and
excitation for the continuum of sites in Ar, as well as for the most abundantly occupied
sites in Kr. This is the first time such an effect has been described for a phthalocyanine
molecule in the matrix, and its origin may be related to the non-planar structure of GaPcCl.
While the sharp ZPL was related to the isolated monomer, a broad feature, assigned as an
aggregate, dominates in the heavier matrices. This arises due to the strong dipole moment
of the GaPcCl molecule. These interesting behaviours and properties of GaPcCl not only
advance the literature work on the phthalocyanines, but give rise to new questions and the

potential for future studies.
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