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ABSTRACT:

Z and E azobenzene isomers are molecular switches which can interconvert both
photochemically and thermally. Presently, we studied a ketal-substituted bridged azobenzene
in which two stable diastereomeric conformers (Z/ and Z2) photochemically interconvert
through transient £ isomer. UV-VIS absorption spectroscopy is commonly used to study the
relaxation kinetics of azobenzenes, but it does not allow direct quantitation of the process in
this case. In the present paper, liquid chromatography coupled to UV detection (LC-UV) and
ion mobility-mass spectrometry (IMS-MS) were combined to study the thermal back relaxation
kinetics of the £ isomer. LC separation of the three isomers was achieved in less than 10
minutes, allowing the characterization of the relatively slow thermal back relaxation kinetics at
low temperature through UV detection. In addition, the faster E—Z thermal back relaxation at
higher temperature was studied using IMS-MS, which allows shorter time scale separation than
LC. Baseline separation of the two Z isomers was achieved in IMS-MS for [Z+Ag]" ions, and
their gas-phase conformations were determined by IRMPD experiments. Both IMS-MS and
LC-UV methodologies succeeded to study the E—Z thermal back relaxation kinetics, and
appeared to be complementary techniques. We show that the combination of the two techniques
allows the characterization of the isomerization processes over a broad temperature range, and

the determination of the associated thermodynamic observables.



INTRODUCTION

Photochromic molecules undergo reversible transformation between two forms (exhibiting
different absorption spectra) upon exposure to light of appropriate wavelength.! This process
results in important changes, both at the structural and electronic levels. Due to this peculiarity,

photoisomerization of photochromic compounds is currently being applied to the control of

2-4 5-7

biological activity,>* chemical reactivity,>”’ or supramolecular assemblies.®>!! Azobenzene
derivatives are among the most widely used photoswitchable molecules due to their usually
straightforward synthesis and functionalization, allowing the tuning of their optical and

physico-chemical properties.!> !

For this class of compounds, reversible E<Z
photoisomerization generally occurs upon irradiation with UV or visible light, leading to

significant changes in properties between the thermodynamically favored planar £ isomer and

the metastable non-planar Z isomer.

However, these photochromic properties are strongly influenced by the environment
(temperature, solvent, irradiation time, etc.). This can make challenging the quantification of
the relative proportion of (Z) and (E) isomers based on classical characterization techniques
(UV-VIS or NMR), especially when species are in low concentrations or within complex
mixtures. This is especially the case for bridged azobenzenes, characterized by a Z-isomer more

stable than the highly twisted E-isomer, due to the ring strain.'®

The synthesis and isomerization properties of ketal-substituted bridged azobenzenes, presenting
a highly twisted unstable £ isomer has recently been reported.!” A particularity of this system
is the existence of two stable Z diastereoisomers namely Z/ and Z2 (Scheme 1), whose relative
proportions can be varied depending on the irradiation wavelength.!” This uncommon three-
component switching system proved especially challenging to analyze by UV-VIS absorption
spectroscopy, because no characteristic wavelength allows the quantitation for E—Z thermal

back relaxation process.



Scheme 1. Thermal- and photo-induced isomerization pathways of the bridged azobenzene
derivative presently studied.!” hv corresponds to irradiation with UV or visible light, and A to
heating.

Mass-spectrometry-based techniques were already proposed as a powerful characterization tool

18.19 or in the presence of metals>”

for the structural characterization of azobenzenes, either alone
21 The present work builds on these approaches to gain further information in the kinetics of the
complex isomerization processes at work in bridged azobenzenes. On the one hand, we used
on-line LC-UV-MS to study the kinetics of the E—Z thermal back relaxation, and particularly
focused on the influence of the solvent on both the kinetics and the steady-state Z1/Z2 ratio
formation. However, LC-UV-MS was compatible with the timescale of the isomerization
reactions only at low temperatures. Typically, kinetics with timescales shorter than one minute
are not accessible by LC. In such cases, the isomerization kinetics were monitored through ion
mobility mass spectrometry (IMS-MS) measurements, which proved adapted to timescales
down to seconds.? In the following, we show that the combination of LC-UV and IMS-MS

approaches allows the characterization of relaxation kinetics on a temperature range broad

enough to estimate the associated activation energies in different solvents.

METHODOLOGY

Chemicals and materials. Bridged azobenzene isomers were synthetized following the previously
published synthesis.!” ZI and Z2 isomers were isolated by flash chromatography and analyzed
by mass spectrometry (MS). E isomer was analyzed from a mixture containing Z//Z2/E in an

approximate initial ratio 20/10/70, as the E isomer at 10 to 100 pmol L™! cannot be isolated and



stored. Ultrapure water was produced using a Milli-Q water purification system (Merck
Millipore). Propan-2-ol, acetonitrile and all the metallic salts were purchased from Sigma-
Aldrich (Saint-Quentin Fallavier, France), whereas cyclohexane, ethyl acetate, methanol and

ethanol were purchased from VWR (Fontenay-sous-Bois, France).

LC-UV-MS experiments. The mixture of the three isomers (Z1, Z2 and E) was separated online
using a 1260 series Agilent system packed with a X-bridge reversed phase column (Kinetex
XB-C18 100 * 3 mm * 2.6 um) coupled to a mass spectrometer (AmaZon speed ETD, Bruker)
operating in the positive ionization mode. LC conditions were as follows: solvent A H2O + 5 %
acetonitrile, solvent B acetonitrile + 5 % H20, flow rate 400 pL min!, injection volume 5 pL
of a mixture containing Z//Z2/E in an approximate initial ratio 20/10/70, column temperature
30 °C, elution gradient: 0 min (60 % A), 5 min (25 % A), 7 min (25 % A), 8 min (60 % A) UV
detection: 232 nm. Separation was achieved in less than 6 minutes, resulting in a total run time

of 12 minutes including reconditioning.

TWIMS-MS experiments. The traveling wave ion mobility mass spectrometry (TWIMS-MS)
instrument (Synapt G2-Si HDMS, Waters) was equipped with an ESI source operating in the
positive ionization mode. Source conditions were optimized in order to reduce “in source”
isomerization of azobenzene compounds, notably by decreasing the sampling cone voltage and
the source temperature. The following parameters were chosen: capillary voltage 2.5 kV,
sampling cone 30 V and source temperature 50°C. Samples of pure Z/ and Z2 isomers, prepared
at a final concentration of 10 umol L™! in MeOH with different metallic salts were analyzed by
direct infusion. Optimized ion mobility parameters using AgNOs salt and N2 as buffer gas are

1

the following: wave velocity 800 m s™!, wave height 40 V, and gas flow 90 mL min™!. For

kinetic studies, a mixture containing Z//Z2/E in an approximate initial ratio 20/10/70 was



infused in the ESI source with a syringe at a flow rate of 350 pL h™!. The syringe temperature
was adjusted using a pipe plugged to a thermostated water bath flowing at approximately 40
mL min~!. For on-line LC-TWIMS-MS, Acquity I-class chromatograph was used with identical

LC conditions as those described in the LC-UV-MS experimental part.

DTIMS-MS experiments. Homemade drift tube ion mobility instrument (DTIMS-MS) previously
described,?® and equipped with two 79 cm long drift tubes filled with helium (4 Torr),was used
to determine experimental collision cross sections (CCS). To this end, arrival times were
recorded at different drift voltages. The cross sections were extracted from the linear
dependence of the arrival time to the inverse drift voltage, based on the Mason-Schamp
equation.?* In order to isolate [E+Ag]" species, a 1260 series Agilent system packed with a X-
bridge reversed phase column (Kinetex XB-C18 100 * 3 mm * 2.6 um) was coupled online to
the IMS-MS instrument. LC conditions were changed in order to obtain broader peaks, adapted
to the DTIMS analysis time scale. The following settings were used: solvent A: AgNO3 20 umol
L' in H20, solvent B: AgNO3 20 pmol L' in acetonitrile, flow rate 500 uL min"!, injection
volume 10 pL of a ZI/Z2/E mixture, isocratic elution of 8 minutes containing 38 % of the

aqueous phase.

IRMPD action spectroscopy experiments. InfraRed Multiple Photon Dissociation (IRMPD) spectra
were obtained by using the beamline of the free electron laser (FEL) of the Centre Laser
Infrarouge d’Orsay (CLIO).? The electron energy of the FEL was set at 41.5 MeV to optimize
the laser power in the frequency region of interest (700-1700 cm™). The FEL beamline was
coupled to an experimental platform based on a modified Bruker Esquire 3000+ quadrupole ion
trap, which has been already described in details.”?® >’ A 2 mm tapered hole is drilled in the
annular electrode of the quadrupole ion trap to allow access of the IR laser to the center of the

trap. Multistage mass spectrometry was carried out using the standard Bruker Esquire Control



(v5.2) software, and mass-selected ions were irradiated (typical irradiation time 180-250 ms)
using the MS? step, where the excitation amplitude was set to 0 to avoid any CID-like process.
Mass spectra were recorded after 10 accumulations, using the standard mass range (m/z 50-3000)
and the normal scan resolution (13000 Th/s), the accumulation time being typically of 20 ms.

This sequence was repeated ten times for each photon energy.

IRMPD spectra are obtained by plotting the photofragmentation yield R (equation 1)
R = -ln[Iprecursor/ (Iprecursor + ZIfragmentS)] (1)

(where Iprecursor and Ifragments are the integrated intensities of the mass peaks of the precursor and
of the fragment ions, respectively) as a function of the frequency of the IR radiation. Spectra
were externally calibrated in energy using polystyrene as reference in the 700 to 1700 cm™!

range.

DFT calculations. DFT calculations were carried out using B3LYP functional, as implemented in
the Gaussian-09 set of programs.?® B3LYP combines the non-local correlation function of Lee,
Yang and Parr,?’ with the Becke's three-parameter non local hybrid exchange functional.*® The
different structures were optimized with the dp-polarized 6-31G(d,p) basis set for C, H, N and
O atoms, without any symmetry constraint. Harmonic vibrational frequencies were estimated
at this level to classify the stationary points either as local minima or transition states , and to
estimate the zero-point vibrational energy (ZPVE) corrections. For Ag, we used the relativistic
effective core potential (RECP) developed by Hay and Wadt (LANL2DZ).3! This RECP include
the outermost core orbitals 4s and 4p in the valence shell. The valence basis set is a [3s3p2d]
contraction of a (5s6p4d) primitive set of Hay and Wadt. With regard to band positions, a scaling
factor of 0.965 was chosen on the basis of the overall good agreement between experimental
and computed frequencies. Finally, for a better comparison with the experimental IRMPD

signal, computed spectra were convoluted with a 15 cm™ Lorentzian function.
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The MOBCAL software®* ¥ was used to convert cartesian coordinates in CCS values. Lennard-
Jones parameters for silver were based on the scaled Universal Force Field for Helium (2.5184

A, 1.249 meV).3+ %

RESULTS AND DISCUSSION

In a preliminary work, we tried to determine whether tandem mass spectrometry could achieve
isomeric distinction through the formation of isomer-specific fragment ions. To this end, we
performed MS/MS experiments on ions arising from different cationizing agents, such as
proton, alkali, alkali-earth, transition metals or heavy metals. As the unstable £ isomer cannot
be isolated pure, LC separation of a Z1/Z2/E mixture was performed to characterize the MS/MS
pattern of each independent azobenzene isomer, the metal salt being added to the aqueous
mobile phase. Depending on the ionizing agent, different types of ions were generated by
electrospray (see Table S1 and Figures S1 to S6 of the Supporting Information). Protonation of
the different azobenzene isomers results in the formation of intense [M+H]" and [2M+H]" ions
in the gas phase, which exhibit similar MS/MS spectra (Figure S1). Use of alkali salts lead to
the systematic formation of [M+Alk]" and [2M+AIk]" complexes. Similar ions are generated
in presence of Ag" (Figure S2) and Cu?" salts (which resulted in Cu(I) complexes under our
experimental conditions) with again, no isomeric distinction (Figure S3). When using Mn** and
alkali-earth metals, different doubly-charged complexes could be observed, depending on the
isomer; the ZI isomer mostly gives rise to [4Z/+Cat]** complexes, whereas the Z2 isomer
interacts to generate a prominent trimeric [3Z2+Cat]*" ions. On the other hand, no complexes
were detected with the £ isomer (Figure S4). Concerning the remaining transition metals, it is
worth noting that the discrimination of the three isomers could be achieved on ESI-MS spectra

for Zn**, Fe* and Co** (Figures S5 and S6).



To summarize, tandem mass spectrometry did not allow an easy differentiation of Z/, Z2 and
E isomers in mixture. In spite of the different nature of the complexes generated, MS? and MS™
spectra turned to be similar for the azobenzene isomers. Even if isomer-specific complexes
could be identified by LC-MS experiments (i.e. using Zn>*, Co?" and Fe?"), the intensities of
the associated ions for both £ and Z2 were too low to allow quantitation (Figures S5 and S6) of
the different compounds in mixture. We also considered the possibility to generate radical
cations of azobenzenes through the fragmentation of ternary complexes. To this end, different
types of auxiliary ligands were considered in combination with Cu** or Zn*>" (arginine,
phenylalanine, serine, 1,10-phenatroline, ethylenediamine, terpyridine, 12-crown-4 and
bipyridine). The ternary complexes generated did not display specific CID fragmentation.
Azobenzene radical cations M™ could only be generated from the dissociation of
[Cu(M)(ethylediamine)]** complex, but their fragmentation did not allow any isomeric
distinction. Therefore, an upstream separation dimension to UV and MS was mandatory to
characterize each isomer. Two different separation techniques were then considered, allowing
analysis at different timescales: liquid chromatography (minute timescale) and ion mobility

spectrometry (millisecond timescale).

On-line LC-UV-MS.

On-line LC-UV-MS experiments were first performed to characterize each isomer. Reversed
phase liquid chromatography allowed the separation of the three isomers in less than six minutes
(Figure 1). Moreover, UV detection permitted the different isomers to be quantified. Note that
precise quantification based on MS signals could not be achieved because the protonated forms
of the different isomers exhibit different stabilities. As a matter of fact, upon CID, the [Z2+H]"
ion undergoes less fragmentation the Z/ and E counterparts, regardless both the elution gradient

and the cationized species used. Consequently, the proportion of each isomer in mixture cannot



be determined using MS detection, and therefore the kinetic study of £—Z isomerization was

investigated by coupling LC to UV detection.
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Figure 1. UV trace at 232 nm (top) and extracted ion chromatogram (EIC) of [M+H]" at m/z
281 (bottom) obtained after LC separation of a mixture containing Z1/Z2/E in 26/11/63 ratio
infused in MeOH at 30°C.

Due to the slow thermal back relaxation of E—Z isomers, the temperature was adjusted in the
autosampler at 30 and/or 40°C. In addition, different dilution solvents were used to study their
effect on E—Z isomerization (Table 1 and Figures S7 and S8). In this case, thermal back
relaxation occurs in the vial and allows the use of solvents which are not compatible with UV

detection, as the azobenzene will be diluted and eluted in the mobile phase of the column.

First order reaction kinetics of E—Z thermal back relaxation can be expressed as:

[E] = [Eo] exp(—kt) )
, Where [E] is the concentration of E at time ¢, [Eo] is the initial concentration and £ is the
reaction rate coefficient. Due to potential E—Z isomerization that may occur during the
desolvation process, the population observed for isomer E may be only a fraction of the actual
population in solution. However, it can be assumed that the fraction of the initial £ population

which converts to Z in source is not affected by the temperature of the solution. Under this
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hypothesis, the time-evolution of the observed population of the E isomer, is expected to follow
equation 2 except for a multiplicative constant, which does not affect the value of the kinetic
constant that can be extracted. This is indeed supported by the observation that the time
evolution of E can be well reproduced assuming a single exponential decay. The data obtained
for the time evolution of the relative concentrations of E vs Z1/72, determined from UV peaks
area, are reported in Figure S9 and S10 in different solvents at different temperatures
(Supporting Information). By fitting the data based on equation 1, the kinetic rate constants for

E—Z thermal back relaxation were determined in each case, and are listed in Table 1.

Table 1. Relaxation time of E—Z isomerization and final proportions of Z1/Z2 isomers as
determined by on-line LC-UV experiments using different solvents and temperatures.

Solvent Temperature (°C) K@z (h™h 1/k@E—z (h) 71/72
Cyclohexane 40 1.51 0.66 70/30
Ethyl acetate 40 1.36 0.73 69/31
Propan-2-ol 30 0.32 3.08 65/35

40 0.90 1.11 65/35

Ethanol 40 0.82 1.22 60/40

Acetonitrile 30 0.22 4.45 57/43
40 0.65 1.55 57/43

Methanol 30 0.20 4.94 56/44
40 0.61 1.63 56/44

Water 30 0.06 16.12 18/82
40 0.20 5.04 16/84

From Table 1, we can observe that increasing the temperature significantly increases the rate of
the E—Z thermal back relaxation. As a matter of fact, for the different solvents studied at
different temperatures, the rate of isomerization is three times faster when the temperature
increases by 10°C. The most significant example is obtained by using purified water. In that
case, the relaxation time decreased from 16 hours at 30°C to 5 hours at 40°C (Table 1).
Surprisingly, for a given solvent, the final Z//Z2 ratio, which reflects the populations at

equilibrium, does not depend on temperature. This suggests that within the temperature range
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explored, the relative entropy and enthalpy changes associated with the two considered
isomerization pathways, remain unchanged. On the other hand, data show that the nature of the
solvent dramatically influences both the kinetics and the equilibrium populations. As a matter
of fact for a given temperature, increasing the solvent polarity mostly results in longer
relaxation times. In addition, it also favors the E—Z2 isomerization pathways over the E—Z1
isomerization (e.g. the equilibrium Z7/Z2 ratio is 70/30 in cyclohexane and 16/84 in water).
This latter effect might be explained by a more pronounced affinity of polar solvents for the
acetal moiety of the £ isomer. The resulting steric hindrance would then favor the folding of
phenyl groups at the opposite of the acetal bridge, leading to the preferred formation of the Z2

isomer.

IMS-MS and IRMPD measurements

In order to study the of E—Z isomerization process at higher temperatures, we have used ion
mobility-mass spectrometry, which allows isomer separation on a shorter time scale

(millisecond), and therefore the monitoring of faster isomerization reactions.

Isomer separation by IMS-MS

An extensive screening of ionizing agents (alkali, alkaline earth and transition metals) has been
performed in order to differentiate Z isomers in the IMS dimension (data not shown). It turned
out that baseline separation of Z isomers has only been achieved with silver cations, by
considering [M+Ag]" species (Figure 2). From these data, it is worth mentioning that both Z/
and Z2 isomers displayed two peaks, unlike when analysed in the drift tube instrument (Figure
S11). It has to be noted that the conditions are softer in the latter instrument. Consequently, the

presence of signal at a drift time corresponding to that of Z/ within the arrival time distribution
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(ATD) recorded for Z2, and vice versa, in the TWIMS ATD can be attributed to Z1/Z2

isomerization occurring either in source, or during the separation.

[Z2+Aqg]"

f

[E+Ag] / |

|

|
[Z1+Ag]* / \
r 41. 1 T

2 3
Arrival time (ms)

Figure 2. Extracted arrival time distributions of [M+Ag]" ion (m/z 387.0) obtained from
traveling wave ion mobility after LC separation of a mixture of Z1/Z2/E isomers in 25/10/65
ratio. Intensities of Z/ and Z2 isomers are relative to the £ isomer intensities.

LC-IMS-MS experiments were then used to determine the IMS profile of the £ isomer which
cannot be isolated off-line due to its instability. Unfortunately, it was not possible to record a
drift tube ATD for E, due to the incompatibility of the duty cycle of the drift tube with LC
separation times. As visible on Figure 2, the ATD for [E+Ag]" ions displayed a broad peak.
Three barely-resolved populations can be distinguished in this ATD, based on the expected peak
that can be inferred from the signal obtained from Z1 or Z2 (Figure S12). Among those three
populations, the ones centered at the drift times measured at 3.6 and 4.3 ms are attributed to
ions which have undergone isomerization to [ZI+Ag]" and [Z2+Ag]", respectively. Their
relative position is also consistent with the drift tube ATDs obtained for the two species, which
further supports the above assignation. The central feature, at 4.1 ms is then attributed to the

remaining £ population.
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Structural characterization of [Z+Ag]* isomers.

In order to confirm the assignment of Z/ and Z2 isomers for silver-cationized species and
understand the differences observed from IMS-MS experiments, we combined different
experimental and theoretical approaches. We first used IRMPD action spectroscopy to study
the structure of the [Z+Ag]" ions. Since the IRMPD time scale was not compatible with LC,

IRMPD spectra of [E+Ag]" isomer could not be recorded experimentally.
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Figure 3. Overlay of experimental (in red) and theoretical (in black) IRMPD action
spectroscopy spectra of a) [ZI+Ag]" and b) [Z2+Ag]" isomers.

The IRMPD spectra obtained for [Z/+Ag]" and [Z2+Ag]" complexes are gathered in Figure 3.
For both complexes, similar photo-fragments were observed, which correspond to the loss of
acetone (58 u) and elimination of AgH (108/110 u). As shown in Figure 3, these two

experimental IRMPD spectra share similarities: a major feature around 1200 cm!, an intense
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band below 800 cm!, two weak absorptions around 1140 and 1350 cm

and finally a
combination of two bands detected between 960 and 1100 cm™. However, one can observe that
the position of several bands differs significantly, suggesting that the two complexes are
associated with different binding schemes.

Structural assignment by IRMPD is based on the comparison of the experimental trace with the
spectra computed for the low energy-lying structures. The different structures optimized for Z/
and Z2 complexes are given in the Supporting Information (Figure S13), whereas for each ion,
the experimental IRMPD spectrum is overlaid in Figure 3 with the vibrational IR spectrum
computed for the most stable structure of [Z/+Ag]" and [Z2+Ag]" complexes, namely Z1_ Ag4
and Z2_Agl, respectively. First, if one considers the Z/ isomer, the harmonic IR spectrum
(black) computed for Z1_Ag4, is globally in good agreement with the experimental data (red).
This structure is characterized by a silver atom located in between the two benzenic rings. Other
binding schemes have been optimized but result in less stable structures (Figure S13). Almost
all the IRMPD bands can be assigned by considering the IR active modes of Z1_Ag4, which
are detailed in Table S2 (Supporting Information).

Considering the [Z2+Ag]" complex, the acetal moiety is now in cis position with respect to the
N=N bridge, thereby allowing the simultaneous interaction of the metallic center with both an
oxygen and a nitrogen atom. This binding mode corresponds to the Z2_Ag1 form, which is the
global minimum obtained during this study. As compared to neutral forms of Z/ and Z2 which
are practically degenerate,!” Z2 Agl is 20.2 kJ.mol!' more stable than Z1_Ag4, due to a
different binding scheme, and is also more stable than Z2 Ag2, the counterpart of the most
stable form obtained for Z/. Note that we obtained only two stable geometries, all other attempts
evolving towards Z2_Agl during geometry optimization. Examination of Figure 3 shows a
very good agreement between the experimental IRMPD spectrum of [Z2+Ag]", and the

vibrational spectrum computed for Z2_Agl. The C-O stretch attributed to the band detected at
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1085 cm! for Z1_Ag4 is red-shifted for Z2 Agl (1025 cm™), as the result of the interaction of
the silver atom with one oxygen atom of the acetal moiety. Note also that due to silver
complexation, the central CNNC moiety within Z2 Agl is slightly more distorted (2.6°) as
compared to the neutral crystal structure (0.6°).!7 The effect is much less pronounced for
71 Ag4, the CNNC moiety being planar (0.02°). NNC angles are smaller for (118.5-118.6°)
for Z1_Ag4 than for Z2_Agl (119.7-123.6°), as the result of the interaction of Ag" with the

two phenyl rings for the former.

Collision cross section measurements

In addition to IRMPD experiments, we also determined by drift tube ion mobility experiments
the collision cross section (CCS) of Z isomers. Results are reported in Tables 2 and S4. These
experiments confirmed that [Z/+Ag]" adopted a more folded gas-phase conformation than
[Z2+Ag]" (Figure S13, Table 2). The theoretical CCS values computed for the most stable forms
for each isomer, Z1 Ag4 and Z2 Agl, are consistent with a more folded gas-phase
conformation for [Z1+Ag]" compared to [Z2+Ag]". However, absolute values differ by more
than 10% from experimental CCS values. Such important differences can be ascribed to the
lack of silver parametrization in the MOBCAL software as we used the procedure described by

Lalli et al, initially developed for anions.

Table 2. Experimental CCS values obtained from drift tube ion mobility experiments, and
theoretical CCS values obtained with the trajectory method algorithm of MOBCAL on the
lowest energy structure determined by DFT calculations.

CCSExp CCStheo
ZI1 (Z1_Agd) 106 =2 A2 96.3 A2
72 (Z2 Agl) 115+2 A2 97.1 A2
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In summary, the combination of IRMPD and ion mobility data tends to retain Z1_Ag4 and

72 Agl as the probable structures for [ZI+Ag]" and [Z2+Ag]" complexes, respectively.

Kinetic study from IMS-MS experiments

The unambiguous characterization of silver azobenzene cations allows performing the E—Z
kinetic study using IMS-MS analysis. Quantitation by ion mobility of the £/Z ratio in mixture
can be achieved by using the [M+Ag]" signals. This ratio is deduced from the peak area
(obtained after a gaussian fit, Figure S12) of the signal at 4.0 ms for the E isomer, and the peaks
area of signals at 3.6 and 4.3 ms corresponding to Z isomers. We previously showed that E—Z
“in-source” isomerization occurs during TWIMS experiments (Figure 2) and depends on MS
parameters. For kinetic studies, all the instrument parameters (voltages, temperatures and drift
conditions) were kept unchanged. Then, potential isomerization taking place in-source, or
during the separation, would result in a constant change in the observed population ratio,
independent of time and on the temperature of the solution. Under these conditions, any change

in the population ratio as a function can be attributed to isomerization in solution.

Due to the different ionization yields observed for Z/ and Z2 in function of the MS-compatible
solvent used (Figure 4), E—~ZI and E—Z2 isomerization kinetics could not be quantitatively
determined even when calibration curves (using different known ratios of ZI1/Z2) were
performed. Note that we did not try to exploit the relative steady-state intensities of the Z/ and
Z2 isomers measured by IMS. Large variations were observed when comparing the final ratio
obtained from UV measurements to those from IMS using different solvents. We interpret these
variations as the result of dramatic changes in the relative ionization efficiency of the two
isomers depending on the solvent. Fortunately, this effect does not affect the measured kinetic

rate constants, since only the rate of the intensity change is exploited.

17



propan-2-ol acetonitrile methanol

relative intensity

N
w
AN
o
w
AN
o
w
AN
O
3

Figure 4. Extracted traveling wave ion mobility spectra of an equimolar mixture of Z1/Z2
isomers as [Z+Ag]" ions in propan-2-ol, acetonitrile and methanol.

It is worth noting that dimers [2E+Ag]" species were also observed in the MS spectra and could
be easily quantified from TWIMS experiments as its conformation was significantly more
folded than Z silver [2Z+Ag]" dimers.’®* We confirmed that IMS peaks area ratio of
[E+Ag]"/[2E+Ag]" is constant for propan-2-ol and methanol, and slightly decreases for
acetonitrile in function of the time, and therefore does not influence the E—Z kinetic

determination from IMS-MS experiments (Figure S16).

In order to perform the kinetic study, an azobenzene mixture of Z//Z2/E in an approximate
initial ratio of 20/10/70 was heated in the injection syringe, by using the homemade heating
system described in the experimental section. As the mixture was prepared at 20°C to slow
down isomerization prior to IMS-MS experiments, an equilibration time of 5 minutes was
required for the azobenzene mixture to reach the syringe temperature. Consequently, data
recorded at the beginning of the kinetic were not considered to estimate the £—Z relaxation

time (Figures S17 to S19) for the different experimental conditions (Table 3).
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Table 3. Relaxation time associated to E—Z isomerization determined by IMS-MS
experiments, using different solvents and temperatures.

Solvent Temperature (°C) k@E—z (h™h 1/K (z—z (min)

Propan-2-ol 50 1.83 32.8
60 6.30 9.5

70 12.24 4.9

Acetonitrile 50 2.03 29.6
60 5.26 11.4

70 10.26 5.8

Methanol 50 1.74 34.6
60 4.83 12.4

For the different solvents studied, results obtained with TWIMS-MS at 50, 60 and 70°C show
a rate constant increase by a factor of three ongoing from 50 to 60°C, and an additional factor
of two from 60 to 70°C in the particular case of propan-2-ol and acetonitrile, these latters
allowing higher temperatures due to their higher boiling points. Similarly to results obtained by
LC-UYV, the rate constants observed in propan-2-ol are globally higher than those obtained in

acetonitrile.

The activation energies associated with the £E—Z isomerization can be estimated from the

Arrhenius law:

k = Aexp(—E,/RT) 3)
, Where A4 is the frequency factor, E. the activation energy, R the ideal gas constant and 7 the
absolute temperature. The activation energy can be deduced from the plot In £ in function of
1/RT with a slope equal to —E. (Figure 5). From these plots, showing regression coefficients
higher than 0.99, activation energies associated with the of E—Z isomerization were determined
for methanol (88.5 kJ mol "), acetonitrile (84.3 kJ mol™ ") and propan-2-ol (79.6 k] mol!). Note

that similar rate constants were determined at 40°C using either IMS-MS or LC-UV techniques

(Figure S20).
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Figure 5. Arrhenius plots In kzz = f (1/RT) obtained by LC-UV (30 and 40 °C) and TWIMS-
MS (50, 60 and 70 °C) for different solvents: methanol in black triangles, acetonitrile in dark
grey squares and propan-2-ol in light grey circles.

Therefore, although rather small, these differences in the activation energies observed can result
in very significant solvent effects, especially at low temperatures. These activation energies
might also be helpful for a better understanding of the photochemistry occurring in different

solvents for this uncommon three-species photoswitching system.

CONCLUSION

We used LC-UV and IMS-MS to characterize the thermal back relaxation in a three-states
photoswitchable azobenzene. The combination of these techniques appears as a good
complement to UV-Vis absorption spectroscopy in this context. In particular, the sensitivity and
specificity of mass spectrometry could be an advantage for the characterization of such species
when present in low abundance or in complex mixtures. From LC-UV experiments, relaxation
times could be easily determined at low temperature, and effect on isomerization can be
observed for various solvents. We could observe that the rates of E—Z thermal back relaxation

increased when both the solvent polarity and the temperature increased. Moreover, the solvent
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polarity also influences the E—Z/ and E—Z2 ratio. Z2 formation is indeed favored with polar

solvents whereas Z1 is preferred for non-polar solvents.

Isomer separation could be achieved by IMS-MS experiments through Ag" complexation,
thereby allowing the determination of E—Z relaxation rate constants at higher temperatures
than LC-UV experiments. Based upon the combination of IRMPD-MS and DTIMS-MS
experiments, silver complexation in the gas phase leading to [ZI+Ag]" and [Z2+Ag]" ions, is
associated with location of the silver cation between the two phenyl rings for Z/, and between
N and O heteroatoms for Z2. The combination of both LC-UV and IMS-MS experiments allows
the determination of E—Z isomerization rate constant at different temperatures, and
consequently the estimates of associated activation energies in different solvents. We could
notably estimate that the energy barrier for E—Z isomerization is almost 10 kJ mol™! higher in
methanol than in propan-2-ol, pointing up the important solvent influence, especially at low

temperatures.
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Table S1. Nature of the complexes observed with azobenzene under electrospray conditions,

in function of the ionizing agent.

Ionizing agent

Complex generated onto the ESI-MS spectrum

H+
Li", Na", K*,Rb", Cs"
Ca2+ Sr2+ Mn2+

Ba2+

Fe?*
Co*", Zn**
Fe¥', Ti**, Au’', La’", Eu®*

[M+H]*, [2M+H]"

[M+AIK]", [2M+AIK]"
[3M+Cat]?*, [AM+Cat]** (M=Z1, Z2)
[3M+Ba)* (M=E, Z1, Z2)
[4M+Ba]** (M=Z1, Z2)
[SM+Ba]**, [(M+Ba]*" (M=Z1)
[M+Cat]", [2M+Cat]"
[2M+Ni]*, [3M+Ni]*", [dAM+Ni]*" (M=Z1, Z2)
[2M+Cd]*", [3M+Cd]*, [4Z1+Cd]* (M=Z1, Z2)
[4Z1+Fe]*", [2(E-58)+Fe]*", [3(Z2-58)+Fe]**
[4Z]+Cat]*", [2Z2+Cat]*", [E+Cat]*"

No complexes




Figure S1. CID MS/MS spectra observed for a) [Z2+H]", b) [E+H]" and ¢) [ZI+H]".
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Figure S2. MS spectra observed for a) Z2, b) E and ¢) Z/ after HPLC separation and silver
complexation. To generate [M+Ag]" and [2M+Ag]" ions, 10 uM of AgNO3 were added to the

aqueous mobile phase.
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Figure S3. CID MS/MS spectra observed for a) [Z2+Ag]", b) [E+Ag]" and ¢) [ZI+Ag]".
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Figure S4. MS spectra observed for a) Z2, b) E and c¢) ZI after HPLC separation and calcium
complexation. To generate [3Z+Ca]*" and [4Z+Ca]*" ions, 10 uM of CaClz were added to the
aqueous mobile phase.
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Figure S5. MS spectra observed for a) Z2, b) E and ¢) ZI after HPLC separation and zinc
complexation. To generate Zn complex ions, 100 uM of ZnSO4 were added to the aqueous

mobile phase.
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Figure S6. MS spectra observed for a) Z2, b) £ and c¢) ZI after HPLC separation and iron
complexation. To generate Fe complex ions, 100 uM of FeCl> were added to the aqueous mobile

phase.
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Figure S7. Relative HPLC peak integration area in function of the time used to determine the
proportion of E—Z1/72 isomers from LC-UV coupling for the different solvents at 30°C.
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Figure S8. Relative HPLC peak integration area in function of the time used to determine the
proportion of E—Z1/72 isomers from LC-UV coupling for the different solvents at 40°C.
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Figure S9. Plots In[£] in function of the time from LC-UV experiments at 30°C.
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Figure S10. Plots In[£] in function of the time from LC-UV experiments at 40°C.
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Figure S11. Extracted arrival time distributions of [M+Ag]" at m/z 387.0 obtained from drift
tube ion mobility spectrometry after LC separation of a mixture of Z1/Z2/E isomers.
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Figure S12. Extracted and fitted arrival time distributions of m/z 387.0 obtained from the first
kinetic point of TWIMS-MS experiments at 50°C in different solvents.
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Figure S13. Structure of the various Ag" complexes optimized at the B3LYP/6-31G(d,p)
level. Relative energies are given in kJ/mol.
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Table S2. Experimental and computed IR vibrational bands for the Z1-Ag4 complex

Wavenumbers DFT-computed Vibrational mode
(cm™) intensities (km/mol)

Exp. Calc.?

780 763 102 v CH benzenic
786 30 v CH benzenic

1042 1045 143 arom. ring breath.

1085 1089 107 v C-O

1137 1149 20 d C-H aro+ 6 CH3 wag.

1180 1195 198 8 CH: sciss. of CH3
1218 34 d CH aliph.

1227 1241 58 d CH aliph.

1349 1374 33 0 CH3 umbrella

1398 1413 21 d CH arom.

a) Scaled by a factor of 0.965

Table S3. Experimental and computed IR vibrational bands for the Z2-Ag1 complex

Wavenumbers DFT-computed Vibrational mode
(cm™) intensities (km/mol)

Exp. Calc.?

748 746 61 v CH benzenic
755 32 v CH benzenic

975 957 55 vy CH CH3s

1025 1019 118 v C-O

1142 1137 57 6 CH2 rock.

1200 1190 106 6 CH CH3s
1203 75 6 CH arom.

1235 1244 40 6 CH CH3

1365 1364 34 6 CHs umbrella

a) Scaled by a factor of 0.965
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Figure S14. DFT calculated IR absorption spectrum for the optimized structures of the
[Z1+Ag]" complex
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Figure S15. DFT calculated IR absorption spectrum for the optimized structures of the
[Z1+Ag]" complex
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Table S4. Experimental CCS values obtained from drift tube ion mobility experiments and
theoretical CCS values obtained with the TM, PA and EHSS algorithms of the MOBCAL
software.

A\

1000 1200 1400 1600
wavenumbers (cm?)

Experimental Theoretical

™ PA EHSS
Z1(Z1_Agl) 101 Az 106.9 A2 115 A2
Z1 (Z1_Ag2) 106+ 2 A2 101.9 A2 112.4 A2 121.3 A2
Z1 (Z1_Ag3) 102.5 A2 110.4 A2 119.4 A2
Z1 (Z1_Ag4) 96.3 A? 101 A* 107.2 A2
72 (22_Agl) 11547 A2 97.1 A? 106,4 A2 114.1 A?
22 (Z2_Ag2) 115.0 A2 93.5 A2 100.4 A2
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Figure S16. Plots of intensities ratio of [E+Ag]"/[2E+Ag]" in function of the time from IMS-
MS experiments at 60°C.
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Figure S17. Plots In[E£] in function of the time from IMS-MS experiments at 50°C.
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Figure S18. Plots In[E£] in function of the time from IMS-MS experiments at 60°C.
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Figure S19. Plots In[£] in function of the time from IMS-MS experiments at 70°C.
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Figure S20. Plots In[£] in function of the time from a) LC-UV and b) IMS-MS experiments
at 40°C.

a) LC-UV experiments

Acetonitrile Methanol
54
. Intercept = 4,19386, Slope = -0,64685 . mg|  [Intercept=465059, Slope =-0,61433
. n -
3
2 .
m m)
S 15 5 o
04
14 - 2-
| ]
-2
] 4] L ]
-3
T T T T T 1 b T T T v T T T T T T T T T T T ]
0 4 [ 8 10 2 0 2 4 6 8 10 12 14
Time (hours) Time (hours)
b) IMS-MS experiments
45 Acetonitrile 5 Methanol
Intercept = 4,14282, Slope =-0,68076 Intercept = 4,22106, Slope = -0,64589
4.0+ 4.0
35
35+
o Iy
= = 301
- 3.04 -
25+
25+
20
2.0 L 15 [
T T T T T T T L T T T T L J T
0.0 05 1.0 15 20 25 30 05 00 05 10 15 20 25 30 35 40
Time (hours) Time (hours)

20



	Poyeretal_manuscript_maintext_revised.pdf
	Poyeretal_SupportingInformation_Revised.pdf


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


