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The properties of organic molecules can be influenced by magnetic
fields, and these magnetic field effects are diverse. They range
from inducing nuclear Zeeman splitting for structural determina-
tion in NMR spectroscopy to polaron Zeeman splitting organic
spintronics and organic magnetoresistance. A pervasive magnetic
field effect on an aromatic molecule is the aromatic ring current,
which can be thought of as an induction of a circular current of
n-electrons upon the application of a magnetic field perpendicular
to the n-system of the molecule. While in NMR spectroscopy the
effects of ring currents on the chemical shifts of nearby protons
are relatively well understood, and even predictable, the conse-
quences of these modified electronic states on the spectroscopy of
molecules has remained unknown. In this work, we find that pho-
tophysical properties of model phthalocyanine compounds and
their aggregates display clear magnetic field dependences up to
25 T, with the aggregates showing more drastic magnetic field
sensitivities depending on the intermolecular interactions with
the amplification of ring currents in stacked aggregates. These
observations are consistent with ring currents measured in NMR
spectroscopy and simulated in time-dependent density functional
theory calculations of magnetic field-dependent phthalocyanine
monomer and dimer absorption spectra. We propose that ring
currents in organic semiconductors, which commonly comprise ar-
omatic moieties, may present new opportunities for the under-
standing and exploitation of combined optical, electronic, and
magnetic properties.

magnetic fields | ultrafast spectroscopy | aromatic ring currents

he interplay between organic molecules and magnetism is a

budding field of study with diverse applications in the phys-
ical sciences, ranging from chiral sorting (1, 2) to molecular
circuitry (3-6) and quantum computing (7, 8). The magnetic field
effects (MFEs) that most physical chemists consider have their
origins in the spin-Zeeman effect, where paramagnetic states
with nonzero spin multiplicity have magnetic field-dependent
state energies. These Zeeman effects can in some cases play a
critical role in the photophysical dynamics and properties of a
wide variety of systems, most notably recently observed in or-
ganic semiconductor thin films for organic electronics applica-
tions as well as in bird magnetoreception (9-18). The cases
where organic molecules have magnetic field interactions that
are not derived from the spin-Zeeman effect are underexplored,
but if they are discovered on general molecular platforms they
can have a wide-ranging impact on our ability to tune the elec-
tronic properties of molecules by utilizing noninvasive fields. In
this context, magnetism is already a powerful tool for looking at
excited-state processes involving paramagnetic states, but the
further exploration into diamagnetic field effects on organic
molecules could lead to the development of new multifunctional
organic devices with integrated electrical, optical, and magnetic
properties.

www.pnas.org/cgi/doi/10.1073/pnas.1918148117

This perspective in many ways is inspired by some of the sa-
lient features that govern the magneto-optical responses in
magnetic circular dichroism (MCD) spectroscopy. While best
known for its ability to interrogate the degeneracy of electronic
states, many electronic transitions will display a weak MCD due
to the magnetic field-induced mixing of electronic states that
gives rise to the B-terms, even in diamagnetic systems (19). In
these cases, it is a weak Zeeman effect on a state’s orbital an-
gular momentum that causes certain transitions to be differen-
tially sensitive to circularly polarized light, although one can
imagine that Zeeman perturbations to a chromophore’s Hamil-
tonian should affect its linear absorption properties or photo-
physics more broadly (20). Unfortunately, the ability to observe
MCD even at high magnetic fields is due to the high sensitivity of
the differential absorption measurement, as opposed to arising
from strong MFEs like in the case of spin-Zeeman interactions.
This MCD effect on molecular electronic transitions does sug-
gest, though, a possible avenue by which magnetic fields can
directly interact with the wavefunction of an organic molecule.

Our search for a stronger magnetically induced perturbation
of optical properties led us to an exceptionally common MFE in
chemistry, namely the aromatic ring current (21-23). Simply put,
the ring current effect can be understood as the induction of
circular electronic motion in an aromatic n-system, akin to how
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the application of a magnetic field on a macroscopic conducting
wire ring gives rise to a directional current. Despite the preva-
lence of ring currents in chemical systems, a detailed un-
derstanding of what effect the applied magnetic field has on
molecular electronic orbitals is still an active area of in-
vestigation (24-28). The effects of these induced currents in
aromatic organic molecules are commonly seen in NMR spec-
troscopy, where the induced magnetic field arising from the
circular current can either enhance or detract from the Zeeman
splitting of 'H nuclei, resulting in modified chemical shifts in the
NMR spectrum as compared to the absence of the ring current
(29, 30).

The advent of molecular electronics and single-molecule
conductance experiments have reinvigorated our understanding
of circular currents from a quantum mechanical perspective. Of
particular interest is the proposal that an applied magnetic field
on a single aromatic molecular wire between two contacts not
only incites a circular current but also physically changes the
electronic structure of the molecule; this is thought to occur due
to the extra vector potential term in the n-electron kinetic energy
operator due to the magnetic field, which in turn affects the
resultant molecular orbitals (6). Such an effect has not been
directly verified in organic molecules, likely because of the re-
quirement to reach high magnetic fields in order to generate
such a current, on the order of teslas, as well as the likelihood
that the perturbations to the electronic structure readouts, like
optical properties for example, are expected to be small for most
porphyrinoid aromatic systems, on the order of nanoamperes per
tesla (23, 31). However, the possibility of perturbing the elec-
tronic structure of aromatic molecules with high magnetic fields
is attractive. If successfully demonstrated, this MFE could be
applied to several aspects of chemistry and organic optoelec-
tronics, where the electronic structures of organic aromatic
molecules can dominate their photophysical properties and even
their chemical reaction selectivity.

Here we explore how high magnetic fields affect the optical
properties of model aromatic systems, specifically phthalocya-
nines and their aggregates, by using steady-state and time-
resolved electronic spectroscopy. For this study we developed a
unique optical spectroscopy setup at the National High Magnetic
Field Facility using the 25-T Split-Florida Helix magnet with the
construction of a home-built broadband transient absorption
setup around it (shown schematically in Fig. 1), described in our
previous work (32). Phthalocyanines, which are cyclic organic
chromophores (Fig. 2B), are known for having strong and dis-
tinct magneto-optical responses like in MCD due to the de-
generacy of the two lowest unoccupied molecular orbitals in
most fourfold symmetric phthalocyanines (21, 33, 34). By
working in the Voigt geometry instead of the Faraday geometry,
that is, orienting the relative polarization of light perpendicular
to the direction of the applied magnetic field, we minimize
contributions from magneto-optical effects and look explicitly for
magnetic field-induced changes to the linear absorption spectra.
We find that not only can the application of the magnetic field
reproducibly affect the photophysics of phthalocyanines in a
fashion measurable by optical spectroscopy but also that the
observed changes are consistent with molecular ring currents as
the effects scale with the degree of n-stacking in phthalocyanine
nanoparticles.

Results and Discussion

Time-Dependent Density Functional Theory and Magnetic Field-Dependent
Steady-State Spectroscopy. As a proof of principle, we first performed
time-dependent density functional theory calculations on an un-
modified free base (i.e., metal-free) phthalocyanine in the presence
and absence of a magnetic field using a real-time propagation
method within time-dependent density functional theory (TD-DFT)
as implemented in the Octopus code (35-37), shown in Fig. 2. This
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Fig. 1. Optical spectroscopy at high magnetic fields. (A) A graphical sche-
matic of the crux of the experimental setup, with emphasis on the orien-
tation of the applied magnetic field with respect to the sample position. (B)
Orientation of the lowest energy transition dipole moments in a model free
base phthalocyanine (i.e,, metal-free) molecule and a plane perpendicular
applied magnetic field in the z-direction (Top). A model of phthalocyanine
aggregates (Bottom) with the applied magnetic field perpendicular to the
plane of a subset of isotropically distributed aggregates in solution, as well as
to the Poynting vector and electric field polarization of the incoming light.
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Fig. 2. (Left) A representation of the application of a magnetic field (B,)
perpendicular to the plane of a phthalocyanine monomer (Top) and
phthalocyanine stacked dimer (Bottom). The strength of the induced mag-
netic field (B g) depends on the magnitude of the applied magnetic field via
the induced circular current of n-electrons in the aromatic systems. (Right)
TD-DFT calculations of a free base phthalocyanine monomer (Top) and dimer
(Bottom) at 0 and 25 T with the magnetic field oriented perpendicular to the
plane of the molecule. The red line indicates the direction of the transition
dipole moments of the lowest energy monomer and most optically bright
excitonic transitions, while the colored surfaces indicate their associated
spatial transition densities. A complete set of magnetic field strengths for
these calculations can be found in S/ Appendix as well as the tabulated
magnitudes of their transition dipole moments.

approach serves to modify the Hamiltonian according to a Zeeman
interaction with the angular momentum operator and allows
straightforward visualization of the chromophore’s resultant transi-
tion density as opposed to the approach in ref. 6, allowing simple
calculations of the resultant absorption spectrum. We find that the
transition density of the Qy electronic excitation, the lowest energy
transition in the free base phthalocyanine, is modulated not only in
amplitude but also in spatial distribution upon increasing application
of a magnetic field normal to the molecular plane (SI Appendix, Figs.
S1 and S2), to the effect that at 25 T the transition dipole moment
rotates into the x axis by 35.6°. The rotation of the transition dipole
moments of the model phthalocyanine Qy transition is not partic-
ularly unexpected—related work on porphyriniod magneto-optical
excitonic effects has suggested that this rotation occurs from the
mixing of the Qx character into the Qy, although in the specific
reference the Qx and Qy states are degenerate (38). On the other

hand, the decrease in the amplitude of the transition density is more
surprising, as it reflects a change in overall molecular orbital struc-
ture as a response to the applied magnetic field. Since the Qx and
Qy generally have similar oscillator strengths, the transition ampli-
tude decrease is likely not due to the transition mixing.

A similar calculation was then performed on a free base
phthalocyanine dimer, where the second phthalocyanine was
situated such that the interplanar distance was 4 A without any
lateral offset. Our hypothesis is that due to the strong electronic
interactions between the two aromatic systems their electrons
might interact with the applied magnetic field jointly and thereby
amplify the MFE. Surprisingly, while the direction of the tran-
sition dipole moment at 25 T did not rotate to the same extent in
the dimer as in the monomer, the spatial distribution and the
amplitude of the transition density was predicted to be signifi-
cantly perturbed. Calculations of the dimer electronic transitions
in the presence of the magnetic field indicate a larger-magnitude
change of its transition dipole moments compared to the predic-
tions for the monomer. The exact changes in the magnitude of the
transition dipole moments with applied magnetic field are ex-
plored in depth in consideration of the resultant computed ab-
sorption and are also tabulated in SI Appendix, Figs. S1 and S2.

We measured the magnetic field-dependent absorption spec-
tra of copper (CuPc) and free base (H,Pc) phthalocyanines both
in toluene solution as well as in the aggregated nanoparticle
form. The phthalocyanines themselves have well-known spec-
troscopic signatures, consisting of sharp resonances in the red
edge of the visible electromagnetic spectrum as shown for CuPc
in Fig. 3. Upon nanoparticle formation using flash nano-
precipitation (39, 40), the CuPc spectrum starkly blue-shifts by
70 nm and broadens, giving rise to a new excitonic absorption
band due to the strong intermolecular interactions concomitant
with molecular aggregation, characteristic of H-aggregates. This
absorption spectrum differs from the absorption spectra of many
recorded CuPc thin films and single crystals because of the lack
of crystallinity in the nanoparticle samples (41). The absorption
spectra for H,Pc in toluene and in nanoparticle form can be
found in SI Appendix, Figs. S3 and S4, and interestingly the H,Pc
nanoparticle has almost the same absorption spectrum as that of
the CuPc nanoparticle, exemplifying their matching excitonic
properties coming from the phthalocyanine n-stacking intermolec-
ular geometries in their aggregate form. For clarification, the blue-
shifted absorption feature present for the phthalocyanine nano-
particles is the bright upper exciton according to molecular exciton
theory, with the lower dark exciton transition likely located ener-
getically at 780 nm, but hidden by its lack of oscillator strength.

A 1.0+ T T T = B i T v 3 T T C T T T T T T
Nanoparticle —_ T B 100~ I * I * * *r
Molecule - —
0.8 B 1 - = 0.984 o -
_ N A e i %
3 il % 1 o7 - % 096 N
< 06 J E 5T E o
8 —o0T \ 4 | & 0.94+ o B
c 10T =
@ -_—5T
£ 04+ 10T -4 [~ 18T L 8 092+ a -
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Fig. 3. Linear absorption at high magnetic fields. (A) Magnetic field dependent absorption spectra of CuPc in toluene solution and in nanoparticle form. (B)

A magnified view of the CuPc molecule absorption at 677 nm. (C) Plotted values of the Q band absorption maximum for H,Pc, CuPc, and their respective

nanoparticles normalized at the O-T values.
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With application of the magnetic field, we see clear differ-
ences in the absorption properties of the CuPc solution and
nanoparticle form, although the effect on the nanoparticle is
much stronger. We see the maximum effect at 25 T, where the
absorption cross-section of the CuPc nanoparticle excitonic
transition decreases by more than 10%, while that of the CuPc in
solution changed only by a maximum of 3%. Importantly, this is
an effect that is similarly reflected in H,Pc, which has almost the
same sensitivity in nanoparticle form as the CuPc nanoparticle
system, while also having a relatively muted effect on the mol-
ecules in solution. This MFE is distinct from other steady-state
absorption MFEs like MCD for the following reasons. Foremost,
we use plane-polarized light in the Voigt geometry, whereas
MCD arises in the Faraday geometry, where the Poynting vector
of circularly polarized light is parallel to the magnetic field di-
rection. Further, the magnitude of changes in the MCD spec-
trum even at high magnetic fields is orders of magnitudes weaker
than the decreases in absorption we report above for phthalo-
cyanines (34). The decrease in oscillator strength for the nano-
particles appears to be linear with respect to the applied
magnetic field, which minimizes the likelihood that this effect
may be coming from the quadratic Zeeman effect (42). Similarly,
there appears not to be any shift in the absorption maxima of any
phthalocyanine investigated, and thus we do not expect this to be
due to any explicit spin—orbit coupling interaction as observed in
inorganic semiconductors or in carbon nanotubes (43, 44).

We reason that the photophysics of phthalocyanine aggregates
might be more sensitive to the applied magnetic fields than their
molecular counterparts due to electronic interactions between
neighboring phthalocyanine z-systems. Since this electronic in-
teraction gives rise to the excitonic transitions in the phthalo-
cyanine nanoparticles, the perturbation of the initial molecular
orbitals, even to a minor degree, might affect that of their in-
teractions with one another to a greater extent. Since the elec-
tronic coupling resulting from orbital overlap is sensitive to
intermolecular orientation, we used TD-DFT to model the ab-
sorption spectrum of a free base phthalocyanine monomer and
compared its absorption spectrum to that of a range of simulated
dimers, keeping the interplanar distance fixed but translating one
phthalocyanine relative to another, shown in Fig. 4.

Although the calculated absorption spectrum of the phthalo-
cyanine monomer does not closely match that of the experi-
mental absorption spectrum, the predicted magnetic field
dependence of the monomer spectrum compared to that of the
dimer is in accord with our experiments shown in Fig. 3. We find
that the simulation of the monomer shows a much weaker
magnetic field sensitivity compared to each dimer calculated.
The dimer with no slip-stack angle displays the greatest decrease
in oscillator strength at 25 T, reaffirming our hypothesis that this
MFE is most apparent when there is a strong electronic in-
teraction between the molecules. As the molecular slip-stack
angle increases, calculations predict a decrease in magnetic
field sensitivity to the point that the molecular dimer with the
highest slip-stack angle has an MFE almost identical to the
phthalocyanine monomer. Looking at how the experimental re-
sults from the H,Pc nanoparticle compare to the computational
ones gives a predicted slip-stack angle closest to the 0° and 45°
conditions, which is in good agreement with the observed slip-
stack angles in various crystalline forms of free base phthalocy-
anines (45). Further, the observed changes in the simulated ab-
sorption spectra are expected to be somewhat reduced in our
nanoparticle systems, since in the latter the transition dipole
moments of the excitons are isotropically distributed with respect
to the direction of the applied magnetic field. The fact that there
are possible intermolecular configurations for which this MFE
severely drops off is in good agreement with our supplementary
experiments on ZnPc nanoparticles, which not only exhibit much
weaker electronic coupling but also exhibit a negligible MFE (S
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Appendix, Fig. S5). This can be reasoned from the observation
that the ZnPc and CuPc molecules have almost identical steady-
state absorption spectra in solution and magnetic field-dependent
steady-state spectra, meaning that resultant differences in their
absorption properties in the nanoparticle result from differences
in intermolecular electronic coupling. Since the absorption
spectra for the ZnPc and CuPc nanoparticles are distinct, it
follows that the neighboring CuPc and ZnPc nanoparticle ag-
gregates must have different arrangement, with ZnPc aggregate
less electronically coupled. This could be a consequence of in-
termolecular slip-stack angle as shown above, or due to an increase
in the interplanar distance.

The ZnPc nanoparticle results, coupled with the magnetic
field sensitivity, bring up an important distinction between this
work and the known MFEs in these kinds of organic aromatic
molecules. First, the electronic transitions in ZnPc and CuPc are
for the most part identical with regard to the phthalocyanine ring
itself, so if what we were observing were a Zeeman effect of the
angular momentum state, which in MCD serves to split de-
generate orbitals resulting in circular dichroism, then it should be
apparent in both metal-coordinated phthalocyanine systems. It is
likely that this effect serves to split the absorption band of all of
the free base phthalocyanine absorption spectra calculated in
Fig. 4 to roughly the same degree, which we observe to be both a
disparate effect to the decrease in oscillator strength and not
reflected in our experimental absorption spectra, although likely
related to the predictions in ref. 38. If this was an effect of
spin—orbit coupling, then not only would we expect as drastic of
an MFE for the CuPc in solution as compared to that in nano-
particle form, we would also expect negligible MFE from both
H,Pc systems, for which we observe an identical steady-state
MEFE as compared to the CuPc nanoparticles.

Observation of Ring-Current Effects in NMR Spectroscopy. The
steady-state results above can be explained by the existence of
interacting aromatic ring currents in the phthalocyanine aggre-
gates. As shown in Fig. 2, aromatic ring currents are the mo-
lecular equivalent of magnetic induction of current in a conductive
ring, where in the phthalocyanine case the delocalized n-electrons
that compose the highest occupied molecule orbital are the
charges of interest. While ring currents are generally quite weak
(for phthalocyanines on the order of nanoamperes per tesla), the
circulation of electrons in the molecular plane may affect
the optical transitions of the molecule itself, similarly to how the
application of a magnetic field to a benzene molecular wire is
proposed to change its electronic properties (6). In this case,
then, the enhancement of the optical MFE would increase with
aggregation and n-stacking of the molecular rings, in analogy to a
molecular solenoid, with electronic interactions between nearby
aromatic molecules increasing the local amount of circulating
electron density.

Aromatic ring currents have been historically investigated
using NMR spectroscopy. NMR spectroscopy measures the
Zeeman splitting of nuclear spins by observing modified proton
resonances in a magnetic field, where the Zeeman splitting of a
nucleus of interest depends additionally on its electronic envi-
ronment. However, in the case of a molecule with an aromatic
ring current, this will also depend on the proton’s location with
respect to the aromatic ring. For an aromatic ring current, pro-
tons on the inside of the molecular ring will be upfield shifted (to
more negative parts per million, or ppm) and those on the out-
side of the ring will be downfield shifted (to more positive ppm).
Since we are interested in whether the strength of the ring cur-
rents increases with aggregation, we can track the NMR spec-
trum of H,Pc at various concentrations in d®-toluene to look for
shifts in both the central protons and in the peripheral fert-butyl
groups, shown in Fig. 5.
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The initial value of —0.4 ppm of the H,Pc inner protons at the
lowest concentration (~107° M) serves as a baseline for un-
derstanding the strength of the ring currents in individual
phthalocyanine monomers, since the resonance appears more
upfield than the tetramethylsilane standard as well as most
protonated functional groups in organic chemistry, including
amines. Increasing the concentration to 107> and 10™* M further
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shifts these peaks upfield to —1.0 ppm, and this upfield shift does
not saturate even at the high-resolution magic angle spinning
(HR-MAS) limit at —4.5 ppm, where the concentration likely
best resembles that inside the phthalocyanine nanoparticles.
Such strong upfield shifts with concentration reflect greater degrees of
aggregation which, from the perspective of ring currents, can be un-
derstood as an increased number of circulating -electrons generating
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NMR measurements showing that the strength of the ring currents increases with increasing aggregation. Concentration-dependent NMR spectra of
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a magnetic moment that the central proton resonances are
sensitive to. In other words, for an aggregate structure like an
H,Pc dimer, the induced magnetic field as a result of the two
stacked individual phthalocyanine ring currents is greater than
for only one, resulting in a shift in the NMR peak. The fact that
this peak shifts further upfield with higher concentrations is
partially due to an increase in relative concentration of dimers
and higher aggregates; however, the fact that it is nonsaturating
even in the pseudocondensed phase HR-MAS experiment must
mean that higher aggregates (trimers, tetramers, etc.) and their
ring currents also generate successively stronger induced mag-
netic field. This is further recapitulated in nucleus-independent
chemical shift (NICS) calculations shown in SI Appendix for
various dimer configurations, which show ring-current effects
which strongly depend on the interplanar orientation of the
phthalocyanine dimer (SI Appendix, Fig. S14). NICS calculations
are useful in assessing the presence of ring currents as compared
to calculations of the expectation value of the ground-state
wavefunction’s electron current operator since the NICS values
are experimentally verifiable via NMR spectroscopy, whereas
wavefunction-based calculations would provide direct computa-
tional support of the magnetic field-generated circular currents.
Calculations of the NMR shifts for the phthalocyanine mono-
mer, dimer, and trimer not only reproduce the observed exper-
imental shift but also the observed splitting (SI Appendix, Fig.
S16). The observation of a concomitant downfield shift of the
tert-butyl proton resonances in the 1.6 to 1.7 ppm range is
completely consistent with the observation of the upfield shifts
for the central protons; stronger induced ring currents in aro-
matic systems give rise to stronger copropagating induced mag-
netic fields at the ring’s periphery, increasing the proton Zeeman
splitting and giving rise to further upfield shifts of the ters-
butyl protons.

The observation of multiple peaks in the upfield portion of the
NMR spectrum also reflects the generation of aggregates with
distinct intermolecular interactions or number of monomers,
instead of usually being the result of NMR splitting due to the
proximity of protons to neighboring protons. Two-dimensional

(2D) nuclear Overhauser effect spectroscopy (NOESY) experi-
ments easily confirm our hypothesis of distinct morphological
populations because of the lack of cross-peaks between the
various proton resonances, meaning that each peak likely rep-
resents a different intermolecular orientation or aggregate size.
Since phthalocyanine crystals are also known to assemble in
various polymorphs, it is unsurprising that their aggregates in
deuterated toluene solution also come with specific intermolec-
ular distances. It is also unsurprising that the furthest upfield
peak is not composed of the largest fraction of morphologies,
since again the phthalocyanine crystal structures reported so far
do not exist with slip-stack angles close to 0°.

Importantly, these NMR results depend on the aggregation
state of the phthalocyanines, consistent with our theoretical and
experimental results on the steady-state properties of the
phthalocyanine nanoparticles. This supports our hypothesis that
the observed magnetic field sensitivities in steady-state optical
spectroscopies can be attributed to electronic states perturbed by
molecular ring currents. The perturbed electron densities at high
magnetic fields then result in modified photophysical properties
of the molecule, giving rise to our magnetic field-dependent
linear absorption spectra.

Magnetic Field-Dependent Ultrafast Spectroscopy. On the basis that
these ring-current states have modified optical properties, we
hypothesize that the steady-state properties are not the only ones
that should be altered. The photophysical properties of the ex-
cited states, such as their time evolution and interconversion
between states, may similarly be altered by the magnetic field.
Time-resolved spectroscopies have previously been used to in-
vestigate the effects of magnetic fields on the photophysical dy-
namics of organic molecules; however, they almost always focus on
the effect that the magnetic field has on the energies of the para-
magnetic states in the system, whether they are triplet excited states
or radical ion pairs (11, 46, 47). These Zeeman effects are small
even with large magnetic fields for most organic molecules, which in
turn affects only their long time (tens of picoseconds to microsec-
onds) dynamics (48, 49). Thus, perturbations of subpicosecond
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Fig. 6. Ultrafast spectroscopy at high magnetic fields. (4) Two-dimensional false-color plots of the transient absorption measurements of CuPc in toluene
solution (Top) and CuPc nanoparticles (Bottom) at 25 T. (B) Comparison of global analysis between experiments on CuPc in toluene (Top) and CuPc nano-
particles (Bottom) at 0- (Left) and 25-T (Right) applied magnetic field. In each case, the initial spectrum (black) evolves to the final spectrum (red) with a time

constant indicated in the legend.
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dynamics are likely not to originate from Zeeman interactions,
allowing the specific study of the dynamics associated with per-
turbed photophysical properties from magnetic field-induced ring
currents, with extremely rare exceptions (49).

We focus on the ultrafast dynamics of our CuPc system in both
solution and in nanoparticle form, as the dynamics of H,Pc in
nanoparticle form show complex internal conversion dynamics,
likely due to some nonadiabatic population of the ground state
from the lower excitonic state (50). The photoinduced dynamics
of CuPc in both solution and in nanoparticle are governed by an
ultrafast intersystem crossing (ISC) from the singlet to the triplet
manifold. This transition can easily be tracked at 0 T using ul-
trafast pump-probe spectroscopy, shown in Fig. 6, which in both
situations results in a decrease in amplitude of the blue-side
excited-state absorption (ESA) at 640 and 560 nm for the solu-
tion and nanoparticles cases, respectively. In the solution case,
there is an added indicative feature in the decrease of the
stimulated emission component of the positive signal at 680 nm.
Although the electronic transitions in the visible region for CuPc
stem mostly from the n—x* transitions from the phthalocyanine
rings, the reason that ISC is on the subpicosecond timescale for
both the solution and nanoparticle forms is due to the spin-orbit
coupling arising from the coordinated Cu(II) ion at the center of
the phthalocyanine. Reverse ISC back to the ground state occurs
on the nanosecond to tens of nanosecond timescales for both
systems and are outside the experimental range of our magnetic
field-dependent pump—probe setup.

The results from the ultrafast spectroscopy reflect to a large
degree the same general trend as the rest of our computed and
experimental results; the CuPc nanoparticles exhibit a more
drastic MFE than its molecular counterpart in solution. Specif-
ically, the ISC rate from the lowest singlet excitonic state of the
CuPc nanoparticle accelerates to 250 fs™ from 325 fs™' when
brought to 25 T. However, in the CuPc solution the ISC rate
barely increases, within the temporal resolution of our experi-
ments and the challenging level of signal-to-noise ratio associ-
ated with high-magnetic-field ultrafast experiments. Therefore,
we do not ascribe this change to an MFE. An intermediate field
of 15 T on the CuPc nanoparticle system is shown in SI Appendir,
Fig. S9 and has an ISC rate of 300 fs~', consistent with an
upward-trending ISC rate with the magnetic field strength, al-
though limited by our signal-to-noise ratio. Assignment of the
subtle differences in the shapes of the EAS spectra extracted
from global analysis is also limited by our signal-to-noise ratio,
although the relative intensity of the ground state bleach as
compared to the ESA between 0 and 25 T qualitatively reflects
the decrease in ground-state oscillator strength observed in our
steady-state experiments.

In general, the electronic states of molecular systems like
CuPc have two major ways of interacting with external magnetic
fields: 1) a Zeeman effect on the spin degrees of freedom, which
in this case likely acts on the triplet sublevels, or 2) a Zeeman
effect on degenerate electronic states with nonzero orbital an-
gular momentum, like is seen in MCD. While the latter MFE is
generally a steady-state absorption effect for circularly polarized
light, the Zeeman effect on triplet sublevels can have important
consequences on photophysical dynamics, as described pre-
viously. This Zeeman effect, however, is likely not the cause of
the observed MFEs in both the steady-state and time-resolved
experiments, since it would affect the molecular and nano-
particle CuPc systems similarly, which is clearly not what is ex-
perimentally observed. We also know that the radical pair
mechanism, which has been shown to modify electron transfer
rates on timescales as short as picoseconds in some cases, should
not be operative in the CuPc nanoparticles because of the lack of
polaron formation.

These standard MFEs are ruled out as the cause for the in-
creased ISC rate, and thus we are left with the interpretation that
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the same MFE that perturbs the steady-state absorption spec-
trum is responsible for the changes in ultrafast dynamics. In
consideration of how the rate of ISC might be generally affected,
it is instructive to write the rate of ISC in the Fermi Golden Rule
form:

kisc ~ V32, ex ( ), [1]
1SC so €Xp kT

where Vo is the spin—orbit coupling of the singlet and triplet
states between which ISC occurs and AEg7 is the energy differ-
ence between those same states. The exponential term of the
above relation is the one that usually has a magnetic field-
dependent influence over the rates of ISC, since the Zeeman
splitting of triplet or doublet states decreases the energy gap
between the triplet manifold and the initial singlet state. In the
case of CuPc, where the gap between the singlet and triplet state
can be estimated to be 550 meV using literature values for the
phosphorescence energy and by approximating the energy of the
lower energy excitonic state, the Zeeman splitting even at 25 T is
on the order of 1 meV, which works to barely affect the energy
gap (51, 52).

Ruling out changes in the energy gap leaves modification of
the spin-orbit coupling as the likely cause of the increased ISC
rate at 25 T. This fits well within our presented picture of the
phthalocyanine aggregates having perturbed electron density at
high magnetic fields due to their enhanced aromatic ring cur-
rents as compared to their molecular analogs. Since the spin—
orbit coupling depends entirely on the electronic properties of
the interacting singlet and triplet states, it follows that perturbed
electronic states arising from the aggregate ring currents would
have different spin—orbit couplings at high fields. Thus, the ul-
trafast ISC in the CuPc nanoparticle system continues to reaffirm
the proposal of enhanced ring-current electronic states, which
have the effect to perturb the electronics and photophysics of
aromatic molecular chromophores.

Considering the photophysical and computational investiga-
tions together brings us to the following physical picture for the
observed MFE:s in this work. We have discovered that phthalo-
cyanines in solution have weak, but detectable, magnetic field-
sensitive electronic properties as predicted by TD-DFT and
confirmed by absorption spectroscopy. This magnetic field sen-
sitivity can be enhanced or diminished depending on the aggre-
gation state of the phthalocyanine, suggesting cooperative MFEs
between phthalocyanine monomers dependent on their relative
orientation. This orientation-dependent sensitivity is consistent
with the generation of aromatic ring currents in neighboring
phthalocyanines, since they are expected to exist in individual
molecules as well as become stronger or weaker depending on
the alignment of the aromatic rings, in analogy to a solenoid.
Thus, a picture arises that electronic states of phthalocyanines
are modulated by magnetic fields due to the induction and
strength of aromatic ring currents. While this MFE may be too
weak to affect the energies of diamagnetic electronic states, the
electronic character of these states is perturbed enough by the
induction of aromatic ring currents to spectroscopically in-
vestigate their photophysical differences.

Conclusions

We reported steady-state and ultrafast optical experiments to-
gether with TD-DFT simulations on a range of phthalocyanine
samples that suggest the role of magnetic field-induced aromatic
ring currents perturbing the photophysical properties of these
systems. We found that the phenomena were more pronounced
in aggregated systems. We reasoned that the strong electronic
interactions between n-stacked phthalocyanine molecules in the

PNAS | May 26,2020 | vol. 117 | no.21 | 11295

CHEMISTRY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918148117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918148117/-/DCSupplemental

aggregates lead to an enhancement of the ring-current strength
in analogy to a molecular solenoid.

Our discovery of optical readouts for the presence of aromatic
ring currents adds an additional method for the molecular
spintronics and single-molecule electronics communities to
characterize the photophysical properties of various relevant
organic systems. The stacked n-system structure in the phthalo-
cyanine nanoparticles may lend comparison to the understanding
of magnetoconductance properties of carbon nanotubes, which
have been previously investigated as a molecular solenoid (53).
Our paper should inspire the continued development of
magneto-electronics in condensed-phase organic semiconductor
systems, where we motivate that quantum effects in aromatic
ring currents may modulate the molecular orbital interactions
that govern electronic properties.

Experimental

Sample Preparation. CuPc, H,Pc, and ZnPc were used as acquired
(Sigma-Aldrich) for toluene solution experiments. In order to form the
phthalocyanine nanoparticles, the phthalocyanines and an amphiphilic sta-
bilizer, here polystyrene blocked in this work with polyethylene glycol (PS-b-
PEG, 5k-1.6k) were codissolved in THF, a water-miscible organic solvent.
Through micromixing of the phthalocyanine-block copolymer solution with
Milli-Q deionized water using a confined impinging jet reactor, the phtha-
locyanines precipitate in the aqueous environment and are stabilized by the
amphiphilic block copolymer to form organic nanoparticles, in a process
known as flash nanoprecipitation (39, 40, 54, 55). The mixed streams were
then diluted 10-fold into an aqueous collecting solvent and used after di-
alysis to remove the remaining THF. Sizes and polydispersity indexes were
characterized by dynamic light scattering, which can be found in S/ Ap-
pendix, Fig. $12.

TD-DFT Simulations. The electronic Hamiltonian of a molecule under a static
magnetic field B in the z direction is

Ho = His — ugB:Lz, [2]

where Hgs is the Kohn-Sham Hamiltonian in the absence of the magnetic
field, L, is the angular momentum operator, and uz = e/2mc is the Bohr
magneton. The system is subsequently perturbed by a small time-dependent
potential in the shape of a Dirac delta pulse (56):

H(t) = Ho — Eod(t — to)u- f, E]]

where Hy is the Hamiltonian given by Eq. 2, Eo is the amplitude of the electric
field, 4 is the direction of the incident electric field, and  is the dipole
moment operator. In the linear response regime, when the applied electric
field pulse is small, the response is linear and the dipole moment is

u(t) = o = = _a(t — 1) E(7)d, [4]
where p, is the permanent dipole moment of the system in the absence of
an external electric field and a(t — 7) is the linear polarizability tensor along
the axis over which the external field E(t) is applied. In the frequency do-
main, Eq. 4 can be rewritten as

Hing(@) = a(@)E(w), [51

where we have defined p;,q(t) = u(t) — o as the induced dipole moment.
Finally, the absorption cross-section tensor ¢ can be calculated as

Arw
c

Im[a(w)], [6]

o(w) =
where a(w) is the average of the polarizability tensor given by
_ 1
a(w) = 3 Trla(w)], [71

where Tr [.] is the trace operator that takes the sum of the diagonal elements
of the polarizability tensor. The equation above takes into account the
random orientation of the molecule. The full polarizability tensor at all
frequencies is obtained from three independent simulations in which the
initial field is applied in three mutually orthogonal directions. In all of our
simulations we have employed real-time TD-DFT at the generalized gradient
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approximation level of theory using the Perdew-Burke-Ernzerhof exchange-
correlation functional in its spin-polarized form and corrected using the
averaged-density self-interaction method proposed by Legrand et al. (57). The
core electrons were represented by Troullier-Martins pseudopotentials (58).
The system was discretized on a 0.2-A grid, and the simulation box was con-
structed by adding spheres of 4-A radii around each atom. The time-
dependent equations are integrated using a time step of 0.0023 fs and
propagated for 20.0 fs. The Fourier transform was performed using an expo-
nential damping, corresponding to a Lorentzian-shaped spectrum (37). The
Octopus package which we used to implement our TD-DFT calculations is
freely available on the web.

NICS Calculations. Using ground-state DFT methods, the ring-current shifts
were analyzed based on the simulation of the NICS for the H,Pc and ZnPc
monomers and their corresponding three types of dimers with various slip-
stack angles. The NICS values at different points along the z axis of these
compounds were obtained at B3LYP/6-311+G(d,p) level of theory with the
using the gauge-including atomic orbital method as implemented in
Gaussian 09/E.01 (59, 60). The NMR shielding tensors for the H,Pc monomer,
dimer, and trimer were calculated using the gauge-independent atomic
orbital method as implemented in the Gaussian 16 software package (61).
The shielding constants were taken as a weighted average for the
methyl groups.

Steady-State Absorption Spectroscopy. A Xenon lamp (Oriel) generated white
light that was focused into the center of the magnet using an achromatic lens
after passing through a Glan-Taylor polarizer such that the polarization of
the incoming light was perpendicular to the applied magnetic field. The
light was transmitted through samples in a 1-mm quartz cuvette (Starna)
and either directed onto a spectrometer (Acton 2750i) that dispersed the
transmitted light onto a back-illuminated Si charge-coupled device (CCD)
(Spec-10; Princeton Instruments) or a portable universal serial bus-based
spectrometer (Ocean Optics). Reference experiments in solvent only
showed no magnetic field dependence on their transmission. For magnetic
field-dependent steady-state absorption measurements, the field was ram-
ped at 7 T per minute until the magnetic field strength reached the target,
the absorption measurement was taken, and then the field increased until
25 T was reached, where we then ramped the field down, replicating all of
the magnetic field measurements in reverse. No difference was found in the
steady-state absorption measurements taken when the field was ramping
up versus ramping down. The temperature at the sample position is esti-
mated to be 298 K, since the part of the magnet which surrounds the sample
is actively cooled with a chilled water system to maintain operation. Due to
the active cooling, we estimate that the fluctuation in temperature at the
sample position is at most 20 K; we see very little fluctuation of our spec-
troscopic readouts either via steady-state or time-resolved methods overall
which would report on temperature fluctuations at the sample position.

Ultrafast Pump-Probe Spectroscopy. The pump-probe setup has been de-
scribed in detail in our earlier work. Briefly, a 1-kHz Ti:sapphire laser with
25-fs pulse duration (Coherent) was fed into a home-built noncollinear op-
tical parametric amplifier, generating broadband visible pulses from 530 to
750 nm, which simultaneously covers the optical transitions in both the
phthalocyanine nanoparticles and toluene solutions. These pulses were then
compressed to <20 fs using two chirped mirror pairs in succession and split to
generate the pump and probe beams. The polarization and power of the
pump and the probe beams were controlled with /2 waveplates and wire-
grid polarizers on each arm, and the pump power was limited such that
there was no exciton-exciton annihilation at short times in the H,Pc
nanoparticle system.

The pump beam was directed into a mechanical delay line in order to
acquire pump-probe delay resolved dynamics, while a portion of the probe
was sent onto a photodiode for balanced detection with boxcar integration.
Time steps were collected for the first picosecond with 10-fs steps and then
to the end of the stage limit (1 ns) with 100 steps set exponentially longer
than the previous, beginning at 10 fs. The pump was chopped at a frequency
of 250 Hz, corresponding to two on, two off pump-probe cycles. The pump
and probe beam were focused to the center of the bore, where a 1-mm
quartz cuvette housed the liquid-phase sample, using 100-cm and 75-cm
focal length optical lenses, respectively. The transmitted signal from the
probe is directed into a spectrometer-camera pair (Andor Shamrock spec-
trograph and Andor Newton CCD camera) to resolve the wavelength access
in our pump-probe experiments. Care was taken to direct the beam away
from the water cooling pipes, as the humidity changes with the magnet in
operation were found to affect the performance of electronics. This issue
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has since been resolved by the National High Magnetic Field Laboratory by
the insulation of those pipes.

NMR Spectroscopy. Proton NMR experiments were done with a 500-MHz NMR
spectrometer (Bruker) using d®-toluene solvent suppression with up to 500
scans. For HR-MAS experiments, 5 mg of H,Pc were placed in an HR-MAS
capillary with a few microliters of d®-toluene. Two-dimensional NOESY ex-
periments were performed on an 800-MHz NMR spectrometer (Bruker).

Data Availability. All data needed to support the conclusions of this paper are
included in the main text and S/ Appendix.
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