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Abstract

Binary clusters containing a large organic molecule and metal atoms have been formed by the
co-addition of 5,10,15,20-Tetra(4-pyridyl)porphyrin (H2TPyP) molecules and gold atoms to
superfluid helium nanodroplets, and the resulting complexes were then investigated by
electron impact mass spectrometry. In addition to the parent ion H2TPyP yields fragments
mainly from pyrrole, pyridine and methylpyridine ions because of the stability of their ring
structures. When Au is co-added to the droplets the mass spectra are dominated by H2TPyP
fragment ions with one or more Au atoms attached. We also show that by switching the order
in which Au and H2TPyP are added to the helium droplets, different types of H2TPyP/Au
complexes are clearly evident from the mass spectra. This study suggests a new route for the

control over the growth of metal-organic compounds inside superfluid helium nanodroplets.
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Introduction

Porphyrins are key components in many biological systems such as haemoglobin, chlorophyll
and various cytochromes. As a result these molecules and their derivatives have long
attracted the interest of biologists and biochemists.!"*! Porphyrins have good thermal stability

and versatile chemical properties, making them candidates for a wide variety of applications

[5,6

such as catalysis,”™* solar energy conversion,”® and the development of metal-organic

frameworks.™ Among the porphyrins, 5,10,15,20-Tetra(4-pyridyl)porphyrin (H2TPyP) is

one of the meso-substituted prophyrins that have been widely used in various chemical and

%11 It has a strong Soret band at ~420 nm, depending on the precise

[12

photochemical studies.!
composition of the molecule and metallocentric ad-atoms,'* which has enabled new
applications such as dye-sensitized solar cells and thin semiconducting layers (e.g. organic
LED displays).">'* In addition, the pyridyl substituents can interact with a variety of reactive
metal centres; H2TPyP can therefore be used as a building block for metal-organic

architectures.!!>!"

In this report superfluid helium nanodroplets are employed as nanoreactors to explore
the interaction between metal atoms and organic compounds. Helium nanodroplets are large

18,19]

helium clusters composed of typically 10>-10° helium atoms.! These droplets have an

equilibrium temperature of 0.37 K (for “He) and they can pick up atoms/molecules with a

(20 When different types of atoms/molecules are added to the droplets,

near unit probability.
aggregation into binary complexes is expected.”'?"! Here metal-organic complexes are
formed by the co-addition of Au and H2TPyP to the droplets and any products are then
deduced using mass spectrometry. Through these experiments we intend to show that
different types of metal-organic compounds can be synthesized in helium nanodroplets by
simply switching the order in which the dopants are added, i.e., the addition of Au to helium

nanodroplets prior to or after the addition of H2TPyP.

Experimental

The apparatus employed is a UHV helium nanodroplet instrument which has been detailed
elsewhere.”'** Briefly, helium nanodroplets are formed by supersonic expansion of pre-
cooled helium gas through a 5 pum pinhole nozzle and they then pass through a 0.5 mm
skimmer to form a collimated helium nanodroplet beam. In the pickup region two oven
evaporators, both of which are resistively heated, were used to add H2TPyP and Au

separately to the droplets. Each oven has a length of 7.5 cm, and the distance between the two
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oven evaporators is ~10 cm. The temperatures of the ovens are measured by C-type
thermocouples. The pickup order can be changed by switching the oven positions. Further
downstream a quadrupole mass spectrometer (Max-4000HT, Extrel, which operates up to m/z
4000), equipped with an electron ionization source operating at 70 eV, was used to measure

mass spectra derived from the doped droplets.

In all of the experiments the helium source temperature was maintained at 12.5 K and
the stagnation pressure was kept at 15 bar, producing droplets composed of ~10* helium
atoms on average and with a velocity of ~350 m/s. H2TPyP samples were purchased from
Sigma-Aldrich with a stated purity of > 97% and were used without further purification. The
oven temperature for H2TPyP was kept at 470 K, which was optimized such that pickup of a
single H2TPyP molecule was the most probable process. For Au the oven temperature was
kept at 1260 K. Under these conditions the largest Au cluster ions that can be seen in the

mass spectra without the addition of H2TPyP contained more than 10 Au atoms.
Result and Discussion

1. H2TPyP mass spectrum

To interpret the mass spectra of H2TPyP/Au complexes we first need to understand the mass
spectrometry of H2TPyP in helium nanodroplets (see the inset of Figure 1 for the structure of
H2TPyP). In previous work H2TPyP has been added to helium droplets and then investigated
via electronic spectroscopy.’***! However, no previous mass spectrometry studies of
H2TPYP embedded in superfluid helium droplets have been reported. The ionization process
for molecules in helium nanodroplets is different from conventional electron ionization mass
spectrometry of molecules in the gas phase. In helium droplets the most likely initial event is
ionization of a helium atom. The resulting positive hole is mobile and can hop to adjacent
helium atoms by a resonant charge transfer process.[3 S If the He" ion reaches an impurity
after a small number of hops it can transfer its charge to the dopant.’’”*] Otherwise self-
trapping into helium cluster ions, dominated by He," and leading to subsequent formation of

an array of He, ions, will result.

The mass spectrum from H2TPyP in helium droplets spanning the mass/charge range
50 — 1000 is shown in Figure 1. Extensive fragmentation of the H2TPyP molecule is
observed in the mass spectrum but the parent ion (m/z 619) is clearly seen (marked as peak
H). The prominent fragments comprise clusters of peaks centred at m/z 67, 79, 93, 158, 186,
251 and 279. The clusters centred at m/z 67, 79 and 93 (marked A, B and C) can be
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tentatively assigned to pyrrole (C4NHs"), pyridine (CsHsN"), and methylpyridine (CsH7N")
ions. These are relatively stable ions on account of their ring structures. The larger clusters
can then be assigned as combinations of these base units. For example, the m/z 158 channel
corresponds to two pyridine units (D) and the m/z 186 species is consistent with two
methylpyridine rings (E). The two heaviest ions, labelled as F and G in Figure 1, are
consistent with a combination of three base fragments, i.e., two pyridines and one

methylpyridine for the m/z 251 fragment (F), and three methylpyridines for m/z 279 (G).

Figure 2 shows expanded views of the spectra around the three base units. Here
contributions from helium clusters ions, He,", have been largely removed by subtracting a
spectrum recorded without H2TPyP under otherwise identical conditions. As seen in the
figure, these clusters also include H-loss and/or proton addition channels, which are
commonly observed in the mass spectra of organic molecules doped in superfluid helium

39401 and in some cases the loss of two H atoms has been observed. One

nanodroplets,’
interpretation for efficient H-loss is the low mass and small size of hydrogen atoms, which
allows them to acquire high kinetic energy during charge transfer reactions between He" and
H2TPyP and to escape from the droplets without recombination collisions. An alternative
explanation is the presence of doubly charged reaction intermediates, which can contribute to
the H-loss in organic molecules and biomolecules.”'! The H-loss channel of the pyrrole ion at
m/z 66 is as strong as the pyrrole ion signal at m/z 67. For the cluster centred at m/z 79, the
protonated pyridine ion at m/z 80 is prominent and the H-loss product has nearly twice the
abundance of the pyridine ion. For methylpyridine the protonated ion channel is the most
prominent product, similar to pyridine. The high abundance of protonated pyridine and
methylpyridine is likely due to the excess hydrogen atoms available when H2TPyP
dissociates during the charge transfer ionization. In contrast, the protonated channel (m/z 68)
is absent for pyrrole, and the Hy-loss channel of this cluster is significantly more intense than
the corresponding ions in the pyridine and methylpyridine clusters. The formation of
methylpyridine and pyrrole units both require cleavage of C-C bonds between the methyl
groups and neighbouring pyrrole units; hence the different fragmentation patterns suggest a
competition between the pyrrole and the methylpyridine clusters in the ion fragmentation
process. If we assume that ring fragments combine with H atoms through concerted reactions,
the process must be in favour of transferring H atoms to the methylpyridine unit rather than

pyrrole. For the fragments centred at m/z 158, 186, 251 and 279, the protonated channels are
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the most abundant products, which is unsurprising given that none of these ions contains a

pyrrole unit.

In the higher mass region of Figure 1 we see fragments of H2TPyP clusters attached
to an intact H2TPyP molecule. The prominent fragments are centred at m/z 712, 776 and 805
represent the combination of H2TPyP with the three base fragments identified for the
H2TPyP monomer, as labelled in the figure. This suggests fragmentation into ring structures

is also favoured in the ionization of (H2TPyP)y clusters.

2. H2TPyP/Au complexes

Of particular interest in this work is to investigate how Au atoms are bonded to H2TPyP and
how the structures of the H2TPyP/Au complexes are affected by the order in which the two
dopants are added to the helium droplets. In previous experiments no elongated nanoparticles

31331 suggesting that

have been observed in helium droplets composed of <10° helium atoms,
quantized vortices, even if they exist, do not have significant influence on the clustering of
H2TPyP and Au in this work. Therefore, the formation of Au-H2TPyP complexes is
presumably driven by intermolecular forces. When Au is added to helium nanodroplets prior
to H2TPyP the Au atoms will aggregate into Au, clusters (on a timescale of a few ns'*)
before the helium nanodroplets reach the H2TPyP oven (~300 ps). Each H2TPyP/Au
complex should therefore contain a small Au, cluster and one or more H2TPyP molecules.
Au atoms and small Au clusters can form dative bonds with the lone electron pair on a
nitrogen atom;**! hence the Au clusters are likely to bond to one of the pyridyl nitrogen

517 1n contrast, when the order

atoms, as seen in metal-H2TPyP supermolecular structures.
of addition is reversed, different structures might result because all of the lone electron pairs
on the four pyridyl nitrogen atoms are available for bonding. In addition, superfluid helium
droplets are able to remove the binding energy released during the aggregation, allowing the

structures to be stabilized with Au atoms bonded to different pyridyl nitrogen atoms.

To establish whether different structures for H2TPyP/Au complexes do result from a
reversal of dopant pickup order we compare the H2TPyP/Au mass spectra obtained in the
upper panels of Figure 3 in the range m/z 190 - 800. The upper panel of Figure 3 (a) was
obtained with Au added prior to H2TPyP while for Figure 3 (b) the pickup order was
reversed. Both spectra are dominated by Au cluster ions and binary cluster ions containing
one Au atom and one or more fragments of H2TPyP. The fragment ions with gold attached

are notably more abundant than the bare Au, ions, especially in the upper panel of Figure
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3(a). An obvious difference in the two spectra is seen for the Au-(methylpyridine),” ion (the
peaks marked as Au + E in the upper panels of Figure 3), which is more prominent when Au
was added to the droplets prior to H2TPyP. The formation of this ion involves two
methylpyridine fragments, each requiring the cleavage of two C-C bonds connecting to the
neighbouring pyrrole units (see the structure of H2TPyP in the inset of Figure 1). This
requires significant amount of energy being delivered to H2TPyP during the charge transfer

process in order to allow the formation of this ion.

Here we tentatively interpret the observed difference in the mass spectra in term of
energetics, which is closely related to the structures of H2TPyP/Au complexes. The binding
energy between small Au clusters to the pyridyl nitrogen of H2TPyP is unknown. However, it
is expected to be similar to the binding energy between Au, clusters (n = 2 - 4) and pyridine
(~1.1 eV™)), which defines the energy that can be removed by the dissociation of a Au
cluster from H2TPyP during the charge transfer ionization. The amount of energy that can be
dissipated through this route depends on the number of sites for Au to bind with H2TPyP. As
a result, if Au is bonded to H2TPyP at multiple sites the removal of multiple Au atoms from
H2TPyP will help to quench the excess energy generated in the charge transfer reactions,

leading to reduced fragmentation of H2TPyP.

Another effect of the bonding of Au atoms at multiple sites is a “fragmentation
buffering” effect, which was proposed by Ren et al. in order to interpret the much reduced
fragmentation of fragile organic molecules when co-embedded with polar molecules in

(24231 1t was found that when a polar molecule with large dipole moment was

helium droplets.
added to helium droplets, the charge-dipole interaction between He' and the polar molecule
steers the He" towards the polar molecule. The consequence is that the fragmentation mainly
occurs in the polar dopant rather than the organic molecule. For H2TPyP/Au complexes a
similar interpretation can be applied. Although Au atoms and clusters do not possess dipole
moments, they do have large polarizabilities. The mere fact of having Au at multiple sites
will increase the probability of charge transfer from He' to the gold, rather than directly to
the H2TPyP molecule. The porphyrin family generally has ionization energies lower than 7
eV, which is significantly lower than the ionization energy of atomic Au (~9.2 eV).
Therefore, if Au is first ionized by He', secondary charge transfer between Au’ and H2TPyP

might occur. This will deliver much less energy to H2TPyP as part of the excess energy can

be removed by eliminating Au from H2TPyP and/or the dissociation of small Au clusters. In
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effect the attachment of Au at multiple sites can introduce a quenching effect leading to the

reduced fragmentation of H2TPyP.

In the lower panels of Figure 3 we present mass spectra of pure Au clusters in the m/z
range of 190 - 800. Here Au, is the most abundant product (the largest Au, cluster ions
contain more than 10 Au atoms and are not shown in the figure). In a comparison with the
spectra where H2TPyP has been added the mass spectra are clearly different. Regardless of
the order in which the dopants are added even-numbered Au cluster ions are significantly
reduced in abundance relative to odd-numbered ones when H2TPyP is added. This can be
interpreted in term of the binding energy of Au clusters to H2TPyP. A single Au atom has
one unpaired electron in the 6s orbital and hence even-numbered Au clusters are closed-shell
species which are likely to have a lower binding energy to H2TPyP when compared with the
open-shell odd-numbered Au clusters. As a result, neutral even-numbered Au clusters will

dissociate more easily from H2TPyP during the charge transfer process.

Finally, we investigate the influence of Au on the ionization of H2TPyP (see Figure 4
for the comparison between the spectra of H2TPyP and H2TPyP/Au complexes in the m/z
range of 60 - 200). Groups A and B correspond to the pyrrole and pyridine units,
respectively, and yield structure in the mass spectrum that is nearly identical to that seen in
the absence of Au. For group C, which derives from the methylpyridine channel, there is a
significant increase in the H-loss channel and a decrease in the protonated methylpyridine
channel when Au is added. The decrease of protonated methylpyridine correlates with the
prominent Au-attached fragments (see the upper panels in Figure 3 and later discussion),
where Au replaces a hydrogen atom of the protonated methylpyridine. The same
interpretation can also be applied to the group D fragments, which show a significant decline
in the protonated channel. The influence of Au on the group E fragments, which derive from
two methylpyridine units, is even more drastic. These cluster peaks disappear almost entirely
from the H2TPyP/Au mass spectrum. As having been discussed above, this is explained by

the attaching of Au atoms.
Conclusions

In this work we have formed binary clusters of Au and H2TPyP in superfluid helium
nanodroplets for the first time. The mass spectrum of H2TPyP can be interpreted through
structural stabilities of specific fragments and we have tentatively assigned the major

fragments to simple heterocyclic units such as pyridine and pyrrole. The addition of Au to
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H2TPyP alters the relative abundances of fragments containing methylpyridine; in particular
the Au reduces the signal for protonated methylpyridine, presumably by replacing the proton.
For the pyridine and pyrrole groups Au has little influence.

We have observed differences in the mass spectra of H2TPyP/Au complexes
depending on the order in which Au and H2TPyP are added to the helium nanodroplets,
suggesting that different types of H2TPyP/Au complexes have been formed. By adding Au to
helium droplets prior to H2TPyP, a single Au cluster can bind to one of the lone pair of
electrons of the pyridyl nitrogen of H2TPyP. When H2TPyP is added first, individual Au
atoms can bind to any lone pair on the nitrogen atoms, allowing the formation of H2TPyP/Au
complexes with multiple Au atoms at different bonding sites. If sufficient metal atoms are
added, one can expect Au clusters to bind to all four nitrogen atoms and the size of the
clusters can be controlled. In a recent experiment we have shown that chains of Ag
nanoparticles formed in helium droplets can land on a substrate with no significant change on
their spacing, which is clearly evident by subsequent addition of Si to the droplets after
Ag.P Tt therefore seems likely that metal cluster-porphyrin complexes with H2TPyP as the
spacer between Au clusters will also be successfully soft-landed intact. This would further the
manipulation of the complexes and the construction of new materials. If the size of the metal
clusters and the structures of the complexes can be well controlled, this could become a new
route to form metal-cluster attached heterorganic compounds, although much more work is
needed to confirm this. Potentially, the concept could be developed to construct metal-

organic superstructures bridged by metal clusters rather than a single metal atom.!">"”!
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Figure Captions

Figure 1 The mass spectrum of H2TPyP for m/z 50 - 1000. The inset shows the structure

Figure 2

Figure 3

Figure 4

of H2TPyP molecule.

Expanded views of H2TPyP mass spectrum near the positions of three base
fragments centred at a) m/z 67(pyrrole); b) m/z 79 (pyridine) and c) m/z 93
(methylpyridine).

Comparison between the mass spectra of H2TPyP/Au complexes (upper panels)
and Au clusters (lower panels). (a) Au added to helium droplets prior to H2TPyP;
(b) Au added to helium droplets after H2TPyP. The mass spectra have been

normalized to the Au" ion signal. The asterisks mark the Au,” (n =1 - 4) ions.

Influence of Au on the fragmentation pattern of H2TPyP. (a) The mass spectrum
of H2TPyP; (b) The mass spectrum of H2TPyP/Au complexes. The inset shows
the change of fragmentation pattern in the region of fragment D, where the

protonated fragment is negligible when Au is added.
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