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Vibronic Transitions in Single Metalloporphyrins

H. J. Lee,” J. H. Lee,”™ and W. Ho*®!

Structural and electronic properties of single zinc etioporphyrin
molecules adsorbed on Al,Oy/NiAl(110) were probed by a low-
temperature scanning tunneling microscope (STM). Scanning tun-
neling spectroscopy (STS) revealed progressions of spectral fea-
tures corresponding to the vibronic states of individual molecules

Introduction

Electronic and nuclear motions and the interactions between
them strongly influence the structure and properties of a mo-
lecular system."” Therefore, a complete description of the dy-
namics of a molecule can be achieved only when the interac-
tions between electronic and nuclear motions are taken into
account. The understanding of the coupling between electrons
and vibrations in transient molecular species, such as radicals,
ions, and excited states, are of particular importance because
these play key roles in chemical transformations and in biologi-
cal processes.

The determination of the expected correlation between the
molecular structure and the vibronic coupling requires experi-
mental techniques capable of structural characterization and
probing of the vibronic transitions. Single-molecule studies
with the scanning tunneling microscope (STM) enable confor-
mation-selective probing of the vibronic coupling, which
would otherwise be masked in studies on ensembles of mole-
cules with different adsorption configurations and local envi-
ronment. We have used a low-temperature STM to probe the
vibronic states of single molecules adsorbed on an ultrathin
oxide film grown on a metal substrate. The extended lifetime
of the transient charged state of the molecule on the oxide
film compared to bare metal surface allows observation of vi-
bronic progressions in differential conductance and STM-excit-
ed fluorescence spectroscopy.” The different vibronic progres-
sions observed for the same molecule by these two different
probing methods highlight the importance of both the initial
and final electronic states of a vibronic transition in determin-
ing the vibrational modes that strongly couple to the elec-
trons.”

Results and Discussion

The experiments were performed at 19 K by using a home-
made STM operated in ultrahigh vacuum.® The NiAl(110)
single-crystal surface was prepared by repeated cycles of Ne™
sputtering and annealing to 1300 K. Ultrathin (ca. 5 A thick)
aluminum oxide (Al,O;) film was grown on the clean NiAl(110)
surface by first exposing the surface to 180 L of O, at 750K,
followed by subsequent annealing to 1300 K. This procedure
resulted in the formation of well-ordered oxide islands,® cover-
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that depend strongly on the molecular conformations. Vibronic
features observed by STS were compared with the results from
fluorescence induced by tunneling electrons (tunneling-induced
fluorescence, TIF).

ing approximately 50% of the surface. Evaporation of zinc(i1)
etioporphyrin-I (ZnEtiol) molecules onto this partially oxidized
NiAl surface at 19K led to individually adsorbed molecules
(Figure 1).
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Figure 1. a) Schematic of a double-barrier single-molecule tunneling junction.
b) Molecular structure of ZnEtiol. Shaded ovals represent the four lobes in STM
images, which appear nonuniform in the case of molecules adsorbed on the
oxide (Figure 2).

It was found from STM imaging that the individual ZnEtiol
molecules have many different conformations on the oxide
surface. This is attributed to the different local environments
experienced by the molecules, which arise from the inhomoge-
neity of the complex oxide film grown on NiAL®® The more
commonly encountered molecular conformations are shown in
Figure 2. Some of these conformations were induced by the
STM to reversibly or irreversibly switch to other conformations.
The large variety of ZnEtiol conformations is related to the de-
formation-prone porphyrin macrocycle, which is structurally
flexible.” Different electrochemical, vibrational, and optical
properties are expected from the various deformations of the
porphyrin macrocycle."”
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Figure 2. a)-I) 30 Ax30 A STM images of some of the more commonly ob-
served conformations of ZnEtiol molecules on Al,Oy/NiAl(110). All images were
obtained at V.= 2.3 V and | =0.25 nA. Some parts of the molecules were
easily perturbed by the STM tip, and this is reflected in some of the images. For
example, the apparent vertical split and the resulting heart-shaped lobe of the
molecule in a) is due to noise in the tunneling current when the tip is above
this particular lobe during scanning.

Electronic properties of the different ZnEtiol conformations
were probed by scanning tunneling spectroscopy (STS). The
dli/dV spectra, which give measures of the local density of
states (LDOS),""” were obtained via lock-in detection of the first
harmonic of the tunneling current with the feedback turned
off and applying a modulation voltage to the sample bias. As
can be seen in Figure 3, different molecular conformations
lead to significantly different electronic properties. The various
peaks observed over the molecules are attributed to the unoc-
cupied orbitals of ZnEtiol. For different molecules of the same
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Figure 3. a)-I) d\/dV spectra corresponding to the different conformations of
ZnEtiol molecules on Al,O05/NiAl(110) as labeled in Figure 2. m) The dI/dV spec-
trum obtained above a bare aluminum oxide surface is shown as a dashed
line. The dI/dV spectra obtained above different lobes of the same molecule
were qualitatively similar; therefore, only one representative spectrum for each
conformation is shown. The tunneling gap was set at V. =2.3 V and
1=0.25 nA prior to opening the feedback loop and ramping the sample bias
from —0.1 to 1.8 V and back to —0.1V in 25 mV steps and 300 ms dwell time
per step. 10 mV,,,, modulation at 200 Hz was added to the sample bias for
lock-in detection. Each spectrum is an average of 10 scans. The spectra are
plotted on the same scale and are offset for clarity.
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conformation, the di/dV spectra were qualitatively similar to
the representative spectra shown in Figure 3, but the peak en-
ergies, widths, and relative intensities varied slightly.

The oxide layer acts as a spacer that reduces the interaction
between the metal substrate and the molecule. As a conse-
quence, the lifetime of the transient charged state of the mole-
cule is extended, and this enables detection of vibronic pro-
gressions within the molecular electronic resonances. The vi-
bronic progressions were resolved by recording higher resolu-
tion di/dV and d*/dV? spectra starting at the onsets of molecu-
lar electronic resonances for various molecular conformations.
The results for the M, and M, types of conformations in
Figure 2 are shown in Figure 4. The |-V characteristics for M,
and M, (Figures4a and 4e) are similar, both showing a
smooth rise in conductivity above the Fermi level. The di/dV
spectra for M, and M, reveal molecular electronic resonances
near the Fermi level (Figures 4b and 4f). On careful examina-
tion, subtle corrugations in the broad electronic structures can
be discerned, but the exact energy positions of these features

0.08

0.00

di/dv/nA v
2 0 o o o
L= =} na = o

> L a0
- <20
W «:?‘ 1.0F E
= 200 ! i
= 01000102030405° -0.100 01 0.2 0.3 04 05
Sample Bias / V Sample Bias / V
0:25 T LI LI ﬂ 4 Ll L] Ll L] Ll L] L)
d 4 -
020} ¥ - h)
= > 03F -
-~ 0.15 42
50 ; | o2t 4
g 01 501l a61meV |
W g5 1l 5 © 61 meV

1 2 38 4 9434567
Peak Sequence / N Peak Sequence / N

Figure 4. 1-V curves (a and e) for the molecular conformations labeled as M,
and M, in Figure 2, respectively. Corresponding d\/dV spectra (b and f) and d°l/
dV? spectra (c and g) were obtained simultaneously via lock-in detection. Tun-
neling gap was set at V gy, =23V, 1=0.25 nA for M, and Ve =22V,
1=0.25 nA for M, Bias voltage step size of 5 mV and 300 ms dwell time per
step were used with 10 mV,,,,; bias modulation at 200 Hz. The asterisks in the
topographic images indicate the tip positions where the spectra were obtained
for each conformation. The spectra are averages of 261 and 120 scans for M,
and M,, respectively, and each scan is from —0.1 to 0.5V and back to —0.1 V.
Short vertical markers indicate the peak positions in the d’l/dV? spectra and
the corresponding energy positions of subtle vibronic features in the d/dV spec-
tra. Energy positions of the vibronic peaks are plotted in d) and h) together
with average peak spacings determined from linear fits.
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cannot be determined due to their low intensities. These
subtle features are revealed in more detail in the d%/dV? spec-
tra, which were recorded simultaneously with the /(V) and dI/
dV spectra via lock-in detection of the second harmonic of the
tunneling current. The d?/dV? spectrum for the M, conforma-
tion (Figure 4c) shows a series of four readily identifiable peaks
(indicated by vertical markers) that are spaced equally in
energy. The peak spacing is determined from the linear fit to
be 61+1 meV (Figure 4d). In the case of the M, conformation,
there are two separate sequences of equally spaced peaks as
indicated by the solid and dashed markers in Figure 4g. Three
peaks are identified in the “dashed” series, compared to seven
peaks in the “solid” series. The peak spacings for the “dashed”
and “solid” series were found from linear fits to be both 61+
2 meV (Figure 4h). The “dashed” series is offset higher in
energy from the “solid” series by 20+2 meV. Peak positions
determined from the d/dV? spectra and the corresponding
markers are transferred to the dl/dV spectra. Since vibronic
states correspond to peaks in the di/dV spectra, the markers
identifying peaks in d?/dV? are shifted uniformly so that the
first solid marker is aligned with the most discernible peak in
the dI/dV spectra, as shown in Figure 4b and f.

A tunneling mechanism that can give rise to progressions of
features in the di/dV and d/dV? spectra is schematically de-
scribed in Figures 5a and 5b. First, an electron from the tip
tunnels onto an unoccupied ZnkEtiol electronic level, forming
an anionic state M1~ from the neutral molecular state M (Fig-
ure 5a). Excitation of molecular vibrations is allowed when the
tunneling electrons have energies that are higher than the
energy of M1™ in its ground vibrational state. Resonant tunnel-
ing occurs when the electron energy matches the energies of
different vibronic states of the transient M1~, and we expect
to observe a series of peaks in the di/dV spectra. M1~ can vi-
brationally relax (indicated by the short black arrow in Fig-
ure 5b) before the electron tunnels through the oxide into the
NiAl substrate. The extent of this relaxation will be determined
by the competition between the vibrational relaxation rate
and the electron tunneling rate out of the anionic molecule
into the substrate.'? We note that it is possible for the elec-
tron to leave the molecule in a vibrationally excited state M¥*,
where the vibrational energy of the molecule is provided by
the electron. The vibrational relaxation time and the electron
dwell time in the molecule are much shorter than the time in-
terval between two successive electrons tunneling from the tip
onto the molecule, so that the molecule is always in the neu-
tral ground state before the next tunneling electron arrives.'”

Within this picture, vibronic states are expected to be mani-
fested as a series of peaks in the di/dV spectrum. If the peak
intensities are low in the dI/dV spectrum, the peak spacing for
the dI/dV spectrum can be determined from the peak spacing
in the d?/dV? spectrum. We interpret the equally-spaced peaks
in the d*//dV? spectra for the M, and M, molecular conforma-
tions as vibronic progressions arising from resonant tunneling
into the vibronic states of transient anionic molecules. We ex-
clude the possibility that these features arise from closely
spaced ZnEtiol orbitals, based on the fact that a spectrum
measured on a lobe of ZnEtiol is expected to be dominated by
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Figure 5. Schematic diagrams comparing the resonant tunneling mechanism
(a and b) and STM-excited fluorescence mechanism (c and d) for detecting vi-
bronic features of single molecules supported on an oxide surface (Er=Fermi
level). a) An electron tunnels into an unoccupied molecular electronic level,
forming a vibrationally excited singly charged molecule M1~ from the neutral
molecule M. Resonant tunneling into the discrete vibronic states of the mole-
cule result in vibronic progressions in the dl/dV and d’/aV? spectra. b) M1~ vi-
brationally relaxes, as indicated by the short black arrow. The electron then
leaves the molecule (possibly in a vibrationally excited state of the neutral mol-
ecule M*, where the vibrational energy E,,, is provided by the electron) and tun-
nels through the oxide into NiAl. c) An electron tunnels into a higher unoccu-
pied molecular electronic level, forming a charged molecule M2~. d) M2~ vibra-
tionally relaxes (short black arrow), followed by a radiative transition to the
lower electronic level M1~ (gray arrow). The last step involves tunneling of the
excess electron into the NiAl substrate, which is similar to the process shown in
b). The radiative transitions from M2~ to different vibronic states of M1~ result
in a progression of features in the light-emission spectra.

a single e; LUMO, but the number of observed equidistant
peaks was four or more.>™ We also exclude the possibility
that the observed peaks reflect the final vibrationally excited
states of ZnEtiol (M* in Figure 5b). While the peak spacings
measured for various ZnEtiol with the same molecular confor-
mation were the same, the peak positions varied up to several
tens of millivolts, depending on the molecule and its local en-
vironment. This variation in peak energy directly contradicts
the notion that because the observed spacings are the same, a
vibrational peak should be observed at an integral number of
vibrational quanta from the Fermi level in the case of inelastic
electron tunneling spectroscopy (IETS),"™ and further supports
the vibronic origin of the peaks. Furthermore, multiple vibra-
tional excitations have not been resolved in IETS, presumably
due to the low cross sections.

The observation of 61 meV peak spacing for both M, and M,
conformations is interesting in view of the STS results for Cu
phthalocyanine (CuPc) on ALO,/NiAl(110), where a vibronic
progression with a 61 meV peak spacing was also observed for
one of the CuPc conformations.™ The occurrence of the same
energy spacing in both ZnEtiol and CuPc leads us to assign
the 61 meV vibrational mode to the nuclear motions within
the overall porphyrin ring that is common to both molecules.
This vibrational mode is efficiently coupled to the resonant
tunneling mechanism compared to other modes. The two
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61 meV progressions, offset by 20 meV from each other in M,
(Figures 4f-4h), are attributed to “progression of progres-
sions”™ arising from two vibrational modes with energies of 61
and 20 meV. However, we cannot completely rule out the pos-
sibility that this 20 meV offset results from lifting of degenera-
cy in the electronic states due to Jahn-Teller interaction associ-
ated with deformation of the molecule on adsorption. Theoret-
ical analyses are required to arrive at definite conclusions.
Before attempting to assign the vibrational modes corre-
sponding to the observed peak energy spacings, we note that
there is a finite voltage drop across the dielectric oxide film.
Therefore, the actual energy of the vibrational mode is expect-
ed to be smaller than the experimentally measured peak spac-
ing. The voltage drop across the oxide was estimated to be
roughly 10-20% of the applied sample bias by using typical
tunneling gap distance, oxide thickness, and dielectric constant
for alumina.'® Taking this voltage drop into account, the 61
and 20 meV peak spacings are in the range of vibrational ener-
gies corresponding to the isoindole out-of-plane deformation
and isoindole out-of-phase motions, respectively."”!
Observation of vibronic features in the d/dV? spectra de-
pended strongly on the molecular conformation. At our experi-
mental resolution, we have not been able to detect obvious vi-
bronic features for molecular conformations other than M, and
M,. Two examples are shown in Figure 6 for the case of M.
and M; conformations. In the case of M, a strong peak at
about 0.24 V is observed in di/dV near the onset of the molec-
ular electronic band together with a lower intensity peak at
approximately 0.39 V (Figure 6b). However, we cannot conclu-
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Figure 6. 1-V curves (a and d) for the molecular conformations labeled M, and
M; in Figure 2, respectively. Corresponding dI/dV spectra (b and e) and d?l/dV?
spectra (c and f) were obtained simultaneously via lock-in detection. The tun-
neling gap was set at Vg, =23V, 1=0.25 nA for M. and Ve =2.2 V,
1=0.25 nA for M, Bias voltage step sizes of 5 mV and 300 ms dwell time per
step were used with 10 mV,,,; bias modulation at 200 Hz. The asterisks in the
topographic images indicate the tip positions where the spectra were obtained
for each conformation. The spectra are averages of 10 and 26 scans for M. and
M, respectively, from 0.0 to 0.6 V and back to 0.0 V for M,, and from 1.0 to
1.5V and back to 1.0 V for M.
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sively assign these as vibronic features from just two peaks. In
the case of M, no obvious vibronic features are observed in
the spectra (Figures 6e and 6f). It was also found that the
presence of oxide spacer between the molecule and NiAl
metal substrate is a necessary condition for observation of vi-
bronic features. In the case of ZnEtiol on NiAl metal surface,
the lifetime of the transiently charged molecular state is re-
duced significantly due to higher substrate DOS of the metal.
The energy broadening of molecular vibronic states prevents
their resolution for molecules adsorbed directly on the metal
surface.

Vibronic states of ZnEtiol observed by STS can be compared
with the results obtained from fluorescence spectroscopy in-
duced by tunneling electrons or tunneling-induced fluores-
cence (TIF). In single-molecule TIF, a vibronic progression of
4042 meV has been reported for the M, conformation of ZnE-
tiol on Al,0,/NiAl(110).”) In contrast, no obvious vibronic fea-
ture was observed by STS for the same M. conformation (Fig-
ures 6b and 6¢c). We also note that the energy of the vibration-
al mode giving rise to the 61 meV peak spacing for M, and M,
is larger than 40 meV, even after taking into account the volt-
age drop across the oxide film. This suggests that different vi-
bronic states are revealed by STS than by TIF. The origin of this
difference can be accounted for by examining the mechanisms
that give rise to vibronic features in these two different spec-
troscopic techniques. In the case of TIF, an electron first tun-
nels into an unoccupied molecular orbital above the LUMO,
forming an anionic molecule M2~ (Figure 5¢). M2 can vibra-
tionally relax, followed by a radiative transition to a lower elec-
tronic level M1~ (Figure 5d). The last step involves electron
tunneling into the NiAl substrate through the oxide, which is
similar to the process shown in Figure 5b. The radiative transi-
tions from M2~ to different vibronic states of M1~ result in the
observed progression of equally spaced features in the light-
emission spectra.’ Note that the electronic transitions are not
the same for STS versus TIF. Different electronic transitions may
involve orbitals of different symmetries and equilibrium inter-
nuclear distances, which lead to coupling of electrons to differ-
ent molecular vibrations. In this regard, a better understanding
of electron-vibration coupling in a given adsorbate-substrate
system can be obtained by combined studies using both STS
and TIF at the molecular level.

Conclusions

In summary, we have studied the effects of the local environ-
ment and molecular conformations on electron-vibration cou-
pling using the high spatial resolution of the STM. This local
probe allows systematic characterization of different molecular
conformations, which cannot be achieved by ensemble-aver-
age techniques. Comparison of the STS and TIF results for the
same ZnEtiol conformation reveals the different vibronic states
that are observed for the two probing methods. Our results
highlight the involvement of both the initial and final molecu-
lar states in the vibronic transitions, as the symmetry and the
equilibrium internuclear distances of these states will deter-
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mine which molecular vibrations will have the dominant cou-
plings to the electrons.
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