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Direct synthesis of dilithium tetraphenylporphyrin:
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A solvent-free dilithium porphyrin was synthesized by direct reaction
of free-base meso-tetraphenylporphyrin with elemental lithium in
ultra-high vacuum. The reaction product dilithium tetraphenylpor-
phyrin was studied by temperature-programmed desorption mass
spectrometry (TPD-MS) and hard X-ray photoelectron spectroscopy
(HAXPES). The solid-state reaction is thermodynamically favored,
according to density functional theory (DFT) calculations.

Porphyrins, the ‘colors of life’,' are widespread in nature and
find numerous technological applications.>™* While transition-
metal porphyrins can be very stable with respect to metal
exchange, alkali metal porphyrins (AMPs) with electron-rich
ligands such as meso-tetraphenylporphyrin (TPP) are considered
as labile and water-sensitive complexes.” Although AMPs were
observed as early as 1938,° they were mainly characterized in
solution or as solvates. The lability of AMPs in solution has been
used for the synthesis of other metalloporphyrins by metal
exchange.”® The first X-ray structure of an AMP solvate was
obtained for the tetrahydrofuran (THF) adduct of dilithium
octaethylporphyrin, Li,OEP(THF),, formed by reaction of
octaethylporphyrin (H,OEP) with LiN(SiMe;),."* The solid consists
of a [Li(THF),]" cation and a [Li(OEP)]~ anion with a square-planar
coordination of Li in the center of the porphyrin ring."* In other
AMP solvates such as Li,TPP(OEt,),, both Li ions are bound to
opposite sides of the porphyrin ring in a square-bipyramidal
fashion and carry an additional diethyl ether (OEt,) ligand."* This
bipyramidal structure has also been reported for dilithium
porphyrins in solution and for solid Na and K porphyrins.'®
Besides these structurally well-characterized solvates, the two
solvent-free AMPs Li,TPP and Li,OEP have been obtained from
solution, but have not been studied in detail.**
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Here, we report that solvent-free dilithium tetraphenylpor-
phyrin (Li,TPP) can be prepared by vapor deposition of lithium
onto free-base meso-tetraphenylporphyrin (H,TPP) in ultra-high
vacuum (UHV), by the reaction shown in Fig. 1. Unlike the
very limited reaction depths of transition metals in bulk
porphyrins,'>*® or the metalation of monolayers,**”° we find
that Li diffuses readily into the solid porphyrin film, which
makes the reaction useful for synthetic purposes. The bulk
reaction between metallic Li and organic molecules is also
relevant for the field of organic electronics, where metals with
low work functions are vapor-deposited onto organic semi-
conductors as electron-injecting electrodes and intermixing or
reaction of the layers is usually not desirable.>>* The reaction
of Li with organic materials also plays a role in Li-based
electrochemical energy storage, in which the formation of the
solid-electrolyte interphase (SEI) and the diffusion of lithium in
the SEI is crucial for device performance.>*** Porphyrin-based
electrodes have also proven to be efficient electrode materials in
lithium batteries.>

The Li,TPP layers obtained by the reaction shown in Fig. 1
were investigated by temperature-programmed desorption mass

H,TPP

Li, TPP

Fig. 1 Direct metalation of meso-tetraphenylporphyrin (H,TPP) with two
equivalents of elemental Li, resulting in the formation of dilithium tetra-
phenylporphyrin (Li;TPP) and H,. The figure shows the geometry-optimized
gas-phase structures calculated by DFT. The distorted square-bipyramidal
polyhedron formed by the lithium and nitrogen atoms in Li,TPP is
highlighted.

Chem. Commun., 2019, 55, 13665-13668 | 13665


http://orcid.org/0000-0001-6462-8903
http://orcid.org/0000-0003-3632-3330
http://orcid.org/0000-0001-5579-2568
http://crossmark.crossref.org/dialog/?doi=10.1039/c9cc07170a&domain=pdf&date_stamp=2019-10-21
http://rsc.li/chemcomm
https://doi.org/10.1039/c9cc07170a
https://pubs.rsc.org/en/journals/journal/CC
https://pubs.rsc.org/en/journals/journal/CC?issueid=CC055091

Published on 15 October 2019. Downloaded by University of Georgia on 1/2/2020 6:16:59 PM.

Communication

spectrometry (TPD-MS) and hard X-ray photoelectron spectro-
scopy (HAXPES). Complementary density functional theory (DFT)
calculations provide insight into the energetics of the reaction.

Before the reaction between H,TPP and Li was studied,
reference TPD-MS measurements were performed with pristine
H,TPP. For this purpose, a film of H,TPP with a thickness of
20 nm was vapor-deposited onto a clean Au(111) surface.
Subsequently, a TPD-MS experiment was performed by heating
the sample with a constant rate of 0.1 K s~ ' between 300 and
700 K while rapidly recording mass spectra, as described in the
ESL.¥ The resulting temperature-resolved mass spectra are
shown as TPD-MS maps in Fig. 2a and Fig. Sla in the ESL¥
Around 485 K a dominant peak is observed in a mass range that
indicates desorption of intact H,TPP (614 amu). Arrhenius plot
analysis of the zeroth-order desorption trace (Fig. 2e) yields a
desorption activation energy of 200 k] mol™', which is in the
range of literature values for the sublimation enthalpy (between
111 and 240 kJ mol *).%®

To study the reaction between H,TPP and Li, a fresh 20 nm
thick film of H,TPP was deposited onto the clean Au(111)
surface, followed by the deposition of 1 nm Li at 300 K. This
thickness of Li is close (within 5%) to the stoichiometric
amount required for complete conversion of the H,TPP film
to Li,TPP. After this preparation, a TPD-MS experiment was
performed. The results in Fig. 2b show a dominant signal
around the mass of Li,TPP (626 amu), indicating the formation
of the dilithium complex in high yield. The peak temperature
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Fig. 2 TPD-MS maps for (a) 20 nm H,TPP, (b) 1 nm Li on 20 nm H,TPP,
and (c) 10 nm Li on 50 nm H,TPP, each on Au(111), in the relevant mass
region from 600 to 650 amu. Data for other mass ranges are shown in the
ESI.+ The spectra were normalized to the maximum intensity of the H,TPP
signal (a). The heating rate was 0.1 K s~ and one mass range cycle took
8 seconds (see the ESIt for further experimental details). Arrhenius plot
analysis for (d) Li,TPP and (e) H,TPP, with the desorption rates ryes divided
by the mass spectrometer unit (counts per second, for further details see
the ESIT), yields desorption energies of 234 and 200 kJ mol™, respectively.

600 610 620 630 640 650
m/z Ratio

13666 | Chem. Commun., 2019, 55, 13665-13668

View Article Online

ChemComm

of 565 K, which exceeds that of H,TPP by 80 K, and the higher
desorption energy of 234 k] mol™* (Fig. 2d) reveal increased
intermolecular interactions, compared to H,TPP. The H,TPP
signal has completely disappeared, which shows that the free-
base porphyrin reacts completely. Weak additional features
appear at 619 and 637 amu. These masses correspond to LiTPP
and LiTPP-H,0, respectively. The LiTPP is most likely formed
by fragmentation of Li,TPP in the mass spectrometer, because
the desorption traces of Li,TPP and LiTPP have the same
temperature dependence (see Fig. S2 in the ESIt) and their
intensities have a constant ratio of ~12:1. The LiTPP-H,O
adduct (~ 5% of the Li,TPP signal) is attributed to reaction with
residual water. The small Li,TPP-related signal around 500 K is
due to the formation of small crystallites with lower desorption
energy (see Arrhenius analysis in Fig. S3 in the ESIt), in agreement
with previous work.”” It is worth mentioning that the LiTPP-H,O
adduct is only observed at temperatures where the crystallites
desorb.

To investigate whether even thicker H,TPP films can be fully
converted, 10 nm Li were deposited onto a 50 nm H,TPP film.
An over-stoichiometric amount of Li was chosen to ensure
complete reaction. The TPD-MS map in Fig. 2c¢ shows that the
main product is again Li,TPP, with the water adduct Li,TPP-H,O
(644 amu) as a side product (~13%). Analysis of the individual TPD
traces (see Fig. S2b in the ESIt) indicates that the film substantially
recrystallizes during the heating,”” which leads to the observed
broadening of the Li,TPP peak. Again, no traces of residual H,TPP
were found, indicating complete reaction.

The mass spectra presented above show that free-base H,TPP
reacts completely with Li forming Li,TPP. However, it remains
unclear whether the reaction occurs already at room temperature
or is induced by the elevated temperatures during the TPD-MS
experiment. To clarify this question, additional experiments with
X-ray photoelectron spectroscopy (XPS) were performed.

The XPS measurements were carried out with synchrotron
radiation in the hard X-ray regime between 2 and 7 keV, to take
advantage of the increased information depth of photoelectrons
with high kinetic energies.'®*® In this way, the composition of
the film can be probed over the entire thickness and not only at
the surface, as is the case for conventional XPS. At the highest
photon energy (Epn) of 7 keV, the information depth of N 1s
photoelectrons is 33.6 nm for H,TPP and 32.7 nm for Li,TPP, as
was calculated by the Gries approach.'®? The details of the
calculation and the information depths for the other photon
energies are given in the ESL{ The XPS measurements were
performed with a H,TPP film of 24 nm thickness, which is
substantially smaller than the maximum information depth. By
variation of Epj, (and thus, the information depth), the depth
homogeneity of the reacted film can additionally be examined.
This film was prepared on a Si(001) surface, as is described in
detail in the ESL¥

The resulting N 1s XP spectra are shown in Fig. 3. The
spectrum of the pristine H,TPP film (Fig. 3a) consists of two peaks,
which are attributed to the pyrrolic (-N(H)-, 400.2 eV) and iminic
(-N=, 398.1 eV) nitrogen species,"*° see Fig. 1. After deposition of
Li at room temperature (Fig. 3b-e), a new peak appears at a

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 N 1s X-ray photoelectron spectra of (a) H,TPP and (b)—(e) Li,TPP

formed by deposition of Li onto a 24 nm thick H,TPP layer, taken with the
indicated photon energies.

binding energy (BE) of 399.6 eV, while the two H,TPP-related peaks
disappear. The presence of a single N 1s peak indicates that all
four nitrogen atoms are chemically equivalent, which is the case in
the metal complex.*'®'® The information depth of the experiment
exceeds the film thickness also after deposition of Li, as can be
seen from the Si 1s signal related to the Si(001) substrate in Fig. S4
in the ESILj The formation of Li,TPP is also supported by the
related Li 1s XPS data in Fig. S5 in the ESI,¥ which show a
chemical shift to higher BE in line with the oxidation of metallic
Li to Li" ions.

The absence of any H,TPP-related signals at a photon energy
of 7 keV, where the information depth exceeds the film thickness,
proves that the H,TPP film reacts over its entire thickness at
room temperature. For the photon energies of 2, 2.5 and 3 keV
(Fig. 3b-d), the information depths in Li,TPP are 10.1, 12.6 and
15.0 nm (see Table S3 in the ESIY), respectively, ie., they are
smaller than the film thickness. Still, position and general shape
of the N 1s peaks are the same as for the 7 keV spectrum,
indicating that the reaction is homogeneous over the entire depth
of the film.

The fact that the H,TPP film reacts over its entire thickness
of 24 nm (or even 50 nm in the TPD-MS experiment) is exceptional
when compared to related reactions with transition metals. For
example, when Fe or Co are deposited onto H,TPP films at room
temperature, formation of the related FeTPP and CoTPP complexes
is limited to a depth of approximately 1 nm.'® Additionally
deposited metal forms a layer of metallic Fe or Co on-top of the
organic film. It can be concluded that the room-temperature
mobility of Li atoms in the solid porphyrin is much higher than
that of typical transition metals.

To evaluate whether the direct formation of Li,TPP is thermo-
dynamically feasible, gas-phase DFT calculations were performed.
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For the reaction shown in Fig. 1, a total energy of AEppr =
—499.8 k] mol™* was obtained, indicating that the gas-phase
process is strongly exothermic. In the following, we use this
gas-phase value to estimate the energy for the corresponding
solid-state reaction by means of a Born-Haber (BH) cycle (see
Fig. S6 in the ESIT), which includes the sublimation enthalpy
of Li metal and the desorption energies of H,TPP and Li,TPP
as obtained from TPD-MS above. The BH cycle yields an
approximate reaction energy of —215 kJ mol ™', which is still
strongly exothermic. Another driving force of the solid-state
reaction is the entropy gain from the release of gaseous H,

(S" — 130.68 J mol~' K" at 298.15 K>.31 Energetic and

gas, 1 bar
entropic contributions add up to a standard Gibbs energy of
approximately —254 k] mol *, indicating that the formation of
Li,TPP is thermodynamically favored even in the solid state.
Vapor deposition should therefore not be necessary to induce
the reaction, except to overcome kinetic barriers. The calculated
minimum energy structure of the Li,TPP complex is shown in
Fig. S7 in the ESL{ The Li ions are located on both sides of the
porphyrin ring, but not above (or below) the center of the
porphyrin ring, in agreement with previous theory work.*?
The frontier orbitals HOMO—1, HOMO, LUMO and LUMO+1
are exclusively localized at the porphyrin ring; the Li ions do not
contribute (see Fig. S8 in the ESIt).

In conclusion, we have demonstrated that dilithium tetra-
phenylporphyrin (Li,TPP) can be prepared in solvent-free form
by direct reaction of meso-tetraphenylporphyrin (H,TPP) with
vapor-deposited metallic Li at room temperature. DFT calculations
show that the reaction is strongly exothermic in the gas phase. A
negative standard Gibbs energy for the solid-state reaction con-
firms that the reaction is thermodynamically favored also in the
condensed phase. Our results may pave the way to simple solid-
state syntheses of alkali metal porphyrins and thus increase the
availability of these compounds as reactants for organic and
inorganic synthesis. The exceptionally high mobility of Li in
the organic material is relevant for the deposition of metal
electrodes in organic electronic devices and the transport of Li
in electrochemical energy storage.
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