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Double Molecular Photoswitch Driven by Light and Collisions
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The shapes of many molecules can be transformed by light or heat. Here we investigate collision- and
photon-induced interconversions of EE, EZ, and ZZ isomers of the isolated Congo red (CR) dianion, a
double molecular switch containing two —N=N— azo groups, each of which can have the E or Z
configuration. We find that collisional activation of CR dianions drives a one-way ZZ — EZ — EE
cascade towards the lowest-energy isomer, whereas the absorption of a single photon over the 270-600 nm
range can switch either azo group from E to Z or Z to E, driving the CR dianion to lower- or higher-energy
forms. The experimental results, which are interpreted with the aid of calculated statistical isomerization
rates, indicate that photoisomerization of CR in the gas phase involves a passage through conical
intersection seams linking the excited and ground state potential energy surfaces rather than through
isomerization on the ground state potential energy surface following internal conversion.
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The structural rearrangement of a molecule following
the absorption of light plays a crucial role in natural and
technological contexts. For example, photoisomerization of
the retinal chromophore in an opsin protein initiates the
visual transduction cycle in animals [1], while molecules
that change shape in response to the absorption of light
serve as core transducers in optogenetics [2] and in
optically powered molecular machines [3]. One of the
most versatile photoisomerizable linkages is the azo
(—N=N—) group [4], which possesses E and Z geometric
arrangements interconvertible through the absorption of
light. Molecules containing azo groups have been deployed
for photocontrolling peptide structure and foldamers [5,6],
photoswitching lipids and membranes [7], photoactivated
molecular logic switches [8,9], photoswitching of the
chemical structure on gold surfaces [10], and light-induced
phase segregation in liquid crystals [11]. Their appeal stems
from efficient photoisomerization proceeding on a subpico-
second timescale (quantum yield > 0.2), which is rapid
compared to intramolecular and intermolecular vibrational
energy relaxation in condensed phases [4,12—14]. For azo
molecules such as azobenzene, theory has established that
photoisomerization involves conical intersection seams
where the central —N=N— bond has a geometry inter-
mediate between the E and Z forms [14]. These conical
intersections mediate the passage from the excited state
surface to the ground state surface with a transformation of
electronic energy to vibrational energy (internal conver-
sion) and a probability for a concomitant change of the azo
molecule’s E/Z isomeric form (see Fig. 1).

A crucial step towards extending the application of
photoswitchable molecules is the development of systems
containing several azo subunits that undergo consecutive
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geometric transformations [31-33]. For example, as shown
in Fig. 1, the Congo red (CR) dianion contains two azo
bonds and thus possesses three geometric isomers: EE, EZ,
and ZZ. In a solution, CR exists as the EE isomer and has
a low fluorescence quantum yield (%10~* in H,O). The
rapid deactivation of the excited state in solution has been
attributed to the internal conversion to the ground electronic

FIG. 1. EE, EZ, and ZZ isomers of the CR dianion with
interconversions prompted by light. Relative isomer energies on
the S, potential energy surface are indicated. S;/S, conical
intersections (ClIs) associated with isomerization have geometries
intermediate between the E and Z forms. ¢(4) is the photo-
isomerization quantum yield for wavelength A. Transition state
energies on the S, surface were calculated to be 2.13 eV for the
EE to EZ isomerization and 2.38 eV for the EZ to ZZ isomer-
ization (both values relative to the energy of the EE isomer). See
Supplemental Material [15] for computational details.
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state and the formation of a photoisomer, which reverts
back to the most stable EE isomer over several hundred
picoseconds [34]. Recent gas-phase measurements on CR
dianions were also unable to observe fluorescence [35],
suggesting a short excited state lifetime. Here we explore
the isomerization behavior of the CR dianion in the gas
phase, an environment in which complicating interactions
with solvent molecules and surfaces are avoided, facilitat-
ing direct comparisons between experiment and theory. We
demonstrate that, in the gas phase, the three CR isomers
survive for longer than 10 ms and can be interconverted
using light via pathways that are inaccessible through
collisional (thermal) excitation.

We distinguish the EE, EZ, and ZZ CR dianion isomers
using ion mobility mass spectrometry, whereby ions are
separated according to their collision cross sections as they
are propelled through N, buffer gas by an electric field
[36,37]. Folded, compact ions travel more quickly than
unfolded, extended ions. The technique has become a
widespread means to characterize the structures of proteins
and biomolecules [38] and has recently been applied to
follow molecular photoisomerization in the gas phase
[39—46]. The tandem ion mobility spectrometer is described
in Supplemental Material [15] and Refs. [39,40]. Briefly, CR
dianions dissolved in methanol (107> molL~') were
electrosprayed and introduced as packets of ions into the
drift region, where they were propelled by an electric field
(44 Vem™!) through N, buffer gas (= 6 Torr), eventually
passing through a quadrupole mass filter and striking an ion
detector. An arrival time distribution (ATD, the ion signal
plotted against the transit time) exhibits peaks corresponding
to different isomers.

The ATD of electrosprayed CR dianions [Fig. 2(a)]
displays a single peak assigned to the EE isomer, the most
stable form (see Fig. 1). Exposing the CR solution to 532,
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FIG. 2. Arrival time distribution of CR dianions obtained with
(a) no light and (b) ions exposed to a pulse of 532 nm light at the
start of the drift region.

425, or 365 nm light before electrospray ionization had
no effect on the ATD, consistent with the rapid thermal
reversion of the EZ and ZZ isomers to the EE isomer in a
solution [34,47.,48]. However, exposing the ions to a 5 ns
pulse of 532 nm light immediately after their injection into
the drift region of the ion mobility mass spectrometer
resulted in the appearance of two additional ATD peaks
[Fig. 2(b)], attributable to more compact EZ and ZZ
isomers [49]. The assignment of the three peaks to the
EE, EZ, and ZZ isomers is supported by calculated
collision cross sections (see Supplemental Material [15])
and also by their photoresponses (see below).

Photoresponses of EE, EZ, and ZZ isomers were probed
by intercepting mobility-selected ions with a second light
pulse midway through the drift region [50]. Every second
ion packet was irradiated, yielding light-on and light-off
ATDs, the difference between which constitutes a photo-
action ATD. Light-off and photoaction ATDs for mobility-
selected EE, EZ, and ZZ isomers are shown in the upper
row in Fig. 3 [51]. Photoisomerization action (PISA)
spectra were obtained by plotting the integrated photo-
isomer signal S, normalized by the total light-off ion signal
and light pulse energy, against the wavelength (lower row
in Fig. 3). These spectra were accumulated with low light
pulse energies (< 0.5 mJ cm~2 per pulse) whereby a single
photon induces isomerization of a single azo bond.
Photoaction ATDs recorded at 480 and 350 nm for a range
of light pulse energies confirm that the absorption of a
single photon causes isomerization about only one of the
two azo bonds (see Supplemental Material [15]).

The EE, EZ, and ZZ PISA spectra show two distinct
bands [Fig. 3(a)]. For the EE isomer, the first band, which
peaks at 505 nm, is similar to the corresponding absorption
band for CR dissolved in methanol. The second band
extends from 270 to 400 nm and has a peak at 370 nm,
which is redshifted by 225 nm relative to the correspond-
ing band for CR in a solution. The visible and UV bands
in the PISA spectra of the EZ and ZZ isomers are both
shifted to shorter wavelengths compared to the bands in the
EE PISA spectrum, presumably due to the disruption of
conjugation associated with the loss of planarity. Irradiating
the EZ isomer produces both the EE and ZZ isomers
[Fig. 3(b)], with a ZZ/EFE branching ratio of ~0.8 over the
first band, diminishing to < 0.3 over the second band, with
some wavelength dependence. The PISA spectrum for the
ZZ isomer recorded on the EZ channel is similar in
appearance to the EZ — EE spectrum.

The EE PISA spectrum agrees with a recent gas-phase
multiphoton dissociation spectrum over the 480-600 nm
range [35], although the dissociation spectrum exhibits a
further peak at ~450 nm whose origin is unknown. The
present study implies that the multiphoton dissociation
spectrum, which reportedly resulted from three-photon
absorption, will be dominated by the EE isomer but also
have contributions from EZ and ZZ isomers.
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Photoinduced transformations of (a) EE, (b) EZ, and (c) ZZ isomers of CR. The upper row shows light-off and photoaction

ATDs at 480 nm. PISA spectra are shown in the lower row. The absorption spectrum of CR dissolved in methanol is included in (a).
Sticks in the PISA plots represent calculated vertical electronic transitions (see Supplemental Material [15]).

We now consider the mechanism for photoisomerization
of CR. Following photoexcitation, CR dianions can elec-
tronically relax through two mechanisms: (i) Excited
molecules undergo rapid isomerization through a conical
intersection seam connecting the excited and ground
electronic states; (ii) excited molecules internally convert
to the ground electronic state, retaining the parent isomer
geometry. In both cases, statistical (thermal) isomerization
on the ground electronic state potential energy surface may
occur before the vibrationally energized isomers are deac-
tivated through buffer gas collisions. Excited CR molecules
can also fluoresce, leaving them with insufficient energy to
isomerize, although, given that the fluorescence quantum
yield for CR in a solution is < 10~* [34], this process is
unlikely to be significant in the gas phase [35]. Assuming
single-photon absorption conditions, the photoisomer sig-
nal S(A — B) for photoisomer B generated from parent
isomer A is proportional to

S(A = B)r6s(A)pa-p(4)
—04(D)pa-p(1)Pp_x(E—A)
+ou (D[l = pap(D)]Pasp(E), (1)

where A is the electronic energy difference between
isomers A and B, o4(4) is the absorption cross section
of A, ¢4_p(4) is the direct photoisomerization quantum
yield, and Pp_x(E — A) and P,_ 3 (E) are thermal isomer-
ization probabilities (see Supplemental Material [15]) for
total energy E = E; + E7, where E; is the photon energy
and E7 is the average thermal energy of the ions at 300 K.
The first term, o4 (4)¢4_ (1), corresponds to “prompt” or

direct isomerization through a conical intersection con-
necting the excited state and ground state. The second
(negative) term corresponds to “delayed” or secondary
thermal isomerization processes on the electronic ground
state converting the nascent photoisomer B to other
isomer(s) X (which may include A). The third term
corresponds to secondary thermal isomerization from
vibrationally hot A to B.

The influence of secondary thermal isomerization on the
overall isomerization yield was explored through Rice-
Ramsperger-Kassel-Marcus (RRKM) and coupled master
equation statistical modeling (full details in Supplemental
Material [15]). In the first instance, values for the micro-
scopic rate constants k(E) for secondary thermal isomer-
ization were obtained from the RRKM theory using
calculated isomer energies and transition states (isomer-
ization barriers) given in Fig. 1. The k(E) values (Table I)
assume that the average vibrational energy at 300 K plus
the energy imparted through the absorption of a 300, 400,
or 500 nm photon becomes statistically distributed among

TABLEIL RRKM microscopic rate coefficients, k(E) with units
of s71, for statistical isomerization assuming a total energy that is
the sum of the initial average energy for CR at 300 K plus the
energy of a 500, 400, or 300 nm photon.

500 nm 400 nm 300 nm
kgg_gz(E) 9.40 x 1073 1.41 x 107! 5.46 x 100
r7-pE(E) 7.28 x 10° 4.50 x 10* 4.98 x 10°
kgz—77(E) 6.53 x 10! 5.28 x 102 8.28 x 10°
kz7-57(E) 1.81 x 10* 9.53 x 10* 8.49 x 10°
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all vibrational modes. Because at 6 Torr the collision rate is
~10° s~! and because hundreds of collisions are required
to thermalize photoactivated ions [52], energized molecules
with k(E) < 107 — 10® s~! are likely to undergo collisional
quenching before statistical isomerization.

Consideration of the k(E) values (Table I) indicates that
there should be minimal secondary thermal isomerization
following the excitation of any of the isomers over the
A =280-640 nm range. This implies that the observed
photoisomerization signals in Fig. 3 result from excited
state dynamics. Provided ¢(4) is independent of A for
each transformation, one would expect that the total PISA
spectrum for each isomer should match the corresponding
absorption spectrum. Indeed, the band maxima and inten-
sities for the EE isomer PISA spectrum are consistent with
the calculated wavelengths and oscillator strengths and to
the absorption spectrum for CR in solution [Fig. 3(a)].

Photoexcitation of the EZ isomer leads to both EE and
ZZ photoisomers [Figs. 2(b) and 3(b)] with near equal
production of EE and ZZ isomers over the visible band but
with a preponderance of the EE isomer over the UV band.
The enhanced yield of the EE isomer for the shorter
wavelength band could arise because the S; <« S, and/or
Ss « Sy transitions may preferentially lead to the EE
isomer. In addition, coupled master equation modeling
(see Supplemental Material [15]) suggests some minor
(<10%) thermal reconversion of ZZ photoisomers to the
EZ form for A < 350 nm, consistent with a reduced ZZ
photoisomer yield. The rate for thermal isomerization of the
EZ isomer following photoexcitation and recovery of the
ground electronic state is predicted to be low (<10° s71)

over the 280-640 nm range. The rate for reconversion of
the EE isomer to the EZ isomer is predicted to be very low.
Last, photoexcitation of the ZZ isomer predominately
yields the EZ photoisomer [Fig. 3(c)]. Secondary thermal
Z7Z — EZ isomerization following the recovery of the
ground electronic state is predicted to be slow following
the absorption of a visible photon but faster for a UV
photon, possibly enhancing the intensity of the shorter
wavelength band (< 10% from the coupled master equation
modeling in Supplemental Material [15]).

Having established that reversible photoisomerization
occurs between EE, EZ, and ZZ isomers, we investigated
the effect of collisional excitation by passing the ions
through a short 3 mm collision region (slammer) midway
through the drift region, in which the electric field could
be adjusted from 40 to 550 V cm™! [41,43,53,54]. As shown
in Fig. 4, collisions induce a one-way cascade from
Z7Z — EZ — EE, taking the system to its lowest-energy
form. In principle, the threshold slammer voltage for isomer-
ization is related to the isomerization barrier’s magnitude
[53,54]. However, the present data indicate that, near the
threshold, collision-induced isomerization is incomplete in
the slammer region. For example, when starting from the ZZ
isomer, the threshold for EZ — EE conversion is ~90 V,
some 15 V higher than the threshold for EE formation when
the EZ isomer is selected. The difference presumably arises
because ZZ — EZ and EZ — EE isomerizations are slow
near the threshold and are not completed while the ions are in
the slammer region, where the residence time is &5 us at a
100 V slammer potential difference.
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FIG. 4. Transformations of (a) EE, (b) EZ, and (c) ZZ isomers of CR with collisional excitation. The upper row shows ATDs as a
function of the slammer potential difference, and the lower row shows the abundance of each isomer with the slammer potential

difference.
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In summary, the absorption of a visible or near-UV
photon drives independent Z — E and E — Z geometric
transformations for the two azo bonds in CR, allowing
transformations between EE, EZ, and ZZ forms. In
contrast, energetic collisions with buffer gas molecules
induce a one-way ZZ — EZ — EFE cascade towards the
lowest-energy form. These observations, along with stat-
istical rate calculations, suggest that toggling between the
three geometric forms of CR with light relies on excited
state dynamics rather than the direct conversion of elec-
tronic energy to vibrational energy followed by the stat-
istical crossing of isomerization barriers.
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