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ABSTRACT 

UV/vis absorption spectroscopy affords indirect structural information about the photochemistry 

and photophysics of molecules by inferring types of electronic transitions from spectral features. 

Direct structural information would become available, though, if light-induced crystal structures 

could be mapped against changes in optical absorption spectra as a photochemical process evolves. 

We present a series of light-induced crystal structures that track real-time changes in solid-state 

optical absorption spectra of a crystalline nanooptomechanical transducer, while the transduction 

process unfolds within its crystal lattice at 100 K. Results afford a combined structural and spectral 

mapping of its solid-state optical absorption, from which the operational mechanism of 

nanooptomechanical transduction is revealed. Metal-to-ligand and metal-centered charge-transfer 

bands are assigned to optical absorption peaks directly from their 3-D light-induced crystal 

structures. This approach could be used to characterize many solid-state optoelectronic materials. 
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INTRODUCTION 

UV/vis absorption spectroscopy is ubiquitous in photochemistry and photophysics, owing to its role 

as a core materials characterization method to verify a new synthetic product or to elucidate photo-

induced effects in advanced optical materials. Spectral features of a given chemical are assigned to 

electronic transitions that are characteristic of its optically absorbing molecular constituents. These 

assignments are generally made using one of two characterization options:  (1) empirical knowledge 

from a priori assignments of related materials with functional group beacons; (2) theoretical 

calculations that simulate optical absorption spectral features of a molecule in its gas- or solution-

phase using time-dependent density functional theory. There is no generic classification table for 

UV/vis absorption spectra, unlike other materials characterization techniques, such as nuclear 

magnetic resonance (NMR) or vibrational spectroscopy (infrared or Raman), since changes are too 

subtle and material specific to be generalized. 

The characterization of optical absorption spectra is predominantly carried out in the solution phase. 

The acquisition of solid-state spectra is more difficult, especially in single crystals on account of 

their small sizes. Meanwhile, calculations offer limited help to characterize them because 

simulations of solid-state optical absorption are very challenging,[1] especially for organometallic 

compounds. Yet, such spectra typically reveal the intramolecular charge-transfer (ICT) 

characteristics of a chemical, knowledge of which is key to determining the viability of advanced 

optical materials for many types of solid-state device technologies. Nonetheless, UV/vis absorption 

spectra tend to yield only indirect and qualitative ICT information. 

Technical developments in in-situ light-induced single-crystal X-ray diffraction (now known as 

photocrystallography)[2-6] have come some way to help meet this need. This technique 

characterizes the crystal structure of a chemical while in its light-induced state, as has now been 

demonstrated for a broad range of compounds.[7-32] Photocrystallography can therefore determine 

light-induced changes in the electronic structure of a compound which are afforded by ICT 

transitions. This photostructural information is direct and quantitative. For example, ICT transitions 

such as metal-to-ligand charge transfer (MLCT) would manifest as photo-induced bond-length 

changes in metal and ligand coordination. However, photocrystallography does not provide 

information about energies that are associated with ICT transitions. Both the structural and energetic 

nature of ICT characteristics are important for exploring potential applications of advanced optical 

materials. Thus, we ideally need a metrological approach that provides correlated structural and 

energetic information about ICT transitions in the solid state. 
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We recently showcased a metrological approach that offers correlated single-crystal optical 

absorption spectroscopy and photocrystallography.[7] This approach was designed for exploring the 

structure and function of single-crystal optical actuators. Such materials belong to an emerging 

research field of chemistry, given their attractive solid-state switching and transduction 

capabilities.[33-37] Prospective applications range from optical sensing,[38] to photocatalysis,[39] 

to light-induced molecular machines,[40] to futuristic circuitry for quantum computers.[41] This 

metrological approach could be extended to perform experiments via a time sequence of 

measurements. One could then ascertain how ICT alters the structure and optical absorption of a 

crystalline compound as it is exposed to light for time, t. 

This paper demonstrates such an approach, allowing charge-transfer bands in single-crystal optical 

absorption spectra to be characterized directly by light-induced crystal structures. Thereby, a time-

sequence of correlated photocrystallographic and single-crystal optical absorption spectroscopic 

experiments are performed, as a function of light exposure time on a crystalline material. While this 

approach is eminently transferable to any light-responsive crystalline material, a type of single-

crystal optical actuator that undergoes nanooptomechanical transduction was selected as a case 

study. A chemical is a nanooptomechanical transducer if it undergoes a light-driven switching 

process in which one molecule or ion stimulates mechanical motion in a neighboring molecule or 

ion. Materials that exhibit this phenomenon in their single-crystal form are of particular interest 

since they offer a high-quality solid-state medium for single-photon control. They also carry long-

range effects throughout the material, given the periodic nature of a crystal-lattice environment. 

This can lead to correlated photoswitching behaviour, whose 'out-of-equilibrium' effects have been 

coined as “the real terra nova of solid-state chemistry”.[42] Our choice of case study therefore 

prospects a demonstration of ICT characterization from evolving photostructural and optical 

absorption spectral data. Our findings will show that such data reveal new insights into the detailed 

operational mechanism of nanooptomechanical transduction in a new compound, trans-

[Ru(SO2)(NH3)4(3-methylpyridine)]tosylate2 (1). 

1 belongs to a series of complexes based on the generic formula, trans-[Ru(SO2)(NH3)4X]m+Yn, 

whose ligand, X, lies trans to the SO2 group which manifests solid-state linkage 

photoisomerization, while Y is a counter ion; m and n are integers that simply depict charge-

balancing requirements, depending on the nature of X and Y.[7,19-32,43,44] Only certain 

combinations of X and Y will afford nanooptomechanical transduction, the first example of which 

was reported by Sylvester and Cole.[22] They used photocrystallography[2-6] to deduce a basic 

two-step mechanistic understanding of its nanooptomechanical transduction. The first step entails 

the photoisomerization of an S-bound 1- SO2 ligand to an O-bound 1-OSO photoisomer with the 
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concomitant formation of a minor side-bound -(OS)O species. One oxygen in the 1-OSO 

photoisomer protrudes from the ruthenium-based cation such that it is so close to one of its 

neighboring tosylate anions that it imparts crystal-lattice strain. The arene ring of this tosylate ion 

rotates to alleviate the strain; this is the second (transduction) step of the mechanism (see Scheme 

1). The structural information afforded by that study was limited to that acquired before and after 

light irradiation. This was sufficient to discover a few other material examples of this phenomenon 

in this family of complexes.[23-25] However,  more detailed mechanistic information about the 

nanooptomechanical transduction process was lacking. In particular, structure-property 

relationships could not be unravelled, even though they are likely to be correlated to its operational 

mechanism. We now present results that uncover such relationships in 1; specifically, we show how 

correlated metal-based charge transfer and photostructural changes are responsible for the 

mechanistic function of 1. 
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Scheme 1 – The (a) linkage photoisomerization process (b) basic two-step structural mechanism for nanooptomechanical transduction, assumed for 1 

based on previous work on related complexes.
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MATERIALS AND METHODS  

Photostructural and optical characterization of 1 in its single-crystal form. Single crystals of 1 

precipitated from solution during its synthesis (see Supporting Information). Dark-state and light-

induced structures of 1 were characterized by photocrystallography[2-6]; see Supporting 

Information. The photocrystallography results afforded a series of light-induced crystal structures of 

1 as a function of the total time, t, that the crystal was exposed to 505 nm light at 100 K. Thereby, 

12 and 24 light-induced crystal structures of 1 were determined from two time sequences of 

photocrystallographic data, that were acquired from a crystal of size 0.05 x 0.03 x 0.01 mm3 (crystal 

I) or 0.17 x 0.09 x 0.01 mm3 (crystal II), which were exposed to light for up to t = 2 min or t = 121 

min, respectively; see Figures 1 and 2, and Movies S1 and S2 in the Supporting Information. The 

longer time sequence of photocrystallographic data was complemented by a time-matched sequence 

of single-crystal optical absorption spectra of 1 that were also acquired on crystal II (see Figure 3), 

using a custom-built microspectroscopy system; for technical details, see Supporting information 

and Cole et al [7]. Photocrystallographic data were additionally collected for one longer light-

exposure time, t = 181 min, to yield a light-induced crystal structure whose role was simply to 

confirm that the extent of photoisomerization had completed as far as this was possible. Note that 

the SO2 isomer cannot fully photoisomerize in 1, as is typical for this family of [RuSO2] complexes, 

owing to crystal-lattice strain that builds up during the photoisomerization process.[4] The limit by 

which species in 1 can photoconvert is such that its dark-state S-bound 1-SO2 isomer remains the 

predominant species once 1 has maximally photoisomerized (see Figure 3). 

The photosensitive species in 1 consist of (i) the SO2 isomer which photoisomerizes to the O-bound 

1-OSO and the side-bound -(OS)O configuration, (ii) the arene ring of one of the tosylate ions 

that forms a light-induced rotor (hereafter known as the rotor), and (iii) the anisotropic displacement 

parameter (ADP) of the carbon atom (C6) in the methyl group of the 3-methylpyridine ligand, 

which librates increasingly as a function of light-exposure time; this libration occurs primarily 

along a trajectory that lies perpendicular to the pyridine ring, as denoted by the first principal 

second-rank tensor, U11, of the ADP of C6.    

It is worth noting that no isosbestic points are present in our single-crystal optical absorption 

spectra. This suggests that strong deviations from linear absorption occur when measuring optical 

absorption spectra of 1 in their single-crystal form, because the presence of an isosbestic point is 

reliant upon the Beer-Lambert law holding. Indeed, none of our studies that report single-crystal 

optical absorption spectra so far[7,24-26,29,32] have evidenced the presence of any isosbestic 

points. The crystals used in those studies were judged to exhibit a significant amount of non-linear 
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absorption, based on our empirical findings, whereby we could characterize bulk 

photoisomerization in crystals that were substantially thicker than what is possible from a simple 

calculation of optical absorbance from the Beer-Lambert law. Non-Beer-Lambert behavior has been 

observed when measuring various solid-state media, including particulate suspensions,[46], glassy 

and nematic elastomers that bend upon the application of light.[47,48] Isosbestic points may also be 

precluded where solvatochromism occurs for some reason. This includes certain linkage 

photoisomerization studies, where the lack of isosbestic points, despite successful photoconversion, 

has been addressed explicitly.[49] We also observe solvatochromism in this and our related 

studies.[7,24-26,29,32]  
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Figure 1 – (a) Dark-state and (b) light-induced crystal structure of 1. (c) - Crystal packing of 1 looking down the crystallographic a axis. The carbon 

atom of the methyl group in the 3-methylpyridine ligand librates primarily in a direction that points directly into each disordered arene ring in the 

crystal lattice, as highlighted by its anisotropic displacement parameter (ADP) that lies centrally above or below these rings in the encircled regions. 

All structures were visualized using OLEX2.[45] 
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Figure 2 – Eight crystal structures of 1 (crystal I) realized as a function of t seconds of 505 nm light exposure from t = 0 – 120 s. The heaviest element 

of the light-induced 1-OSO ligand (sulfur) can already be refined after 5 s of light exposure. The anisotropic displacement parameter (ADP) of the 

carbon atom (C6) in the methyl substituent of the 3-methylpyridine ligand also starts to become more elongated at t = 5 s, i.e. C6 exhibits libration and 

this continues to grow throughout this entire time sequence (see small circled highlights). C6 librates in the direction that points into the center of the 

arene ring of the ring rotor, within the periodic framework of the crystal lattice (the trajectory lies perpendicular to the page, as shown by the head () 

and tail (ends of an arrow). By t = 10 s, this arene ring has started to rotate as a consequence of this interaction with C6 as well as its proximity to 

the protruding oxygen of the 1-OSO photoisomer, enough of which has now formed that it can be distinguished and refined crystallographically (see 

large circled highlights). The plot in the bottom right panel shows that the photoconversion levels of the rotated ring and both photoisomers (a small 

amount of -(OS)O is also refined) continue to grow with time, while that of the dark-state 1-SO2 configuration decreases. The changing gradients in 

this plot indicate that three distinct mechanistic steps occur as a function of 505 nm light exposure to 1 in crystal I, in the regions t = 0 – 5 s, t = 10 - 40 

s, t = 50 – 120 s. Movie S1 in the Supporting Information displays all 12 crystal structures of 1 (crystal I) in this time-sequenced series together with a 

dynamic view of the changing photoconversion levels of each light-sensitive structural constituent of 1 and its single-crystal optical absorption spectra 

at 1 minute intervals. All structures were visualized using OLEX2.[45] 
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Figure 3 – (left) Single-crystal optical absorption spectra of 1 (crystal I) as a function of t min of 505 nm light exposure; (right, top) fractional 

occupancy of the 1-SO2, 
1-OSO and -(OS)O ligand and the ring rotor of 1 as a function of t min of 505 nm light exposure; the arrows indicate the 

trajectories of changing optical absorption. (Right, bottom) mean-square displacement amplitude (MSDA) of the carbon atom (C6) in the methyl group 

of the pyridyl ring of 1 as a function of t mins of 505 nm light exposure (U11 and Ueq are the principal component, 11, and the equivalent isotropic 

MSDA (U11+U22+U33/3), respectively). The circle and line annotations relate the optical absorption and crystal structure parameters of 1 at key time 

points: (cyan) t = 5 min, beyond which solvatochromatic effects appear to ensue; (pink) t = 10 min, when the optical absorption and fractional 

occupancy of the 1-OSO and ring rotor all reach maxima; (orange) t = 20 min, beyond which the fractional occupancies of all SO2 ligand 

configurations, the ring rotor, and the MSDA of C6 change little, while the optical absorption falls and rises in the blue and red region of the visible 

spectrum.     
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RESULTS AND DISCUSSION 

The correlated photostructural and optical absorption spectroscopy results are shown in Movies S1 

and S2 for crystal I and II, respectively, as well as being visualized as time-sequences in Figures 2 

and 3. Their correlated presentation permits structural and optical property changes in 1 to be 

considered collectively, by direct observation. 

Observations from the Molecular Movies. The light-induced crystal structure of 1 shows 

evidence of 1-OSO photoisomerization after just 5 s of light exposure, whereby it was already 

possible to refine its heaviest (sulfur) atom (cf. highlighted SO2 region, top, middle panel, Figure 2). 

By this point, the libration in C6 has also started to increase in the U11 direction, i.e. perpendicular 

to plane of the pyridine ring.  

Data acquired on 1 during 10-40 s of light exposure (Figure 2, bottom right) shows that the rate by 

which the dark-state SO2 isomeric fraction depletes has now dropped, while the largest rate increase 

displayed in Figure 2 is associated with 1-OSO formation; the latter thus drives the 

photoisomerization process within this time regime. All atoms of both 1-OSO and -(OS)O 

photoisomers can be refined in a crystal structure once 1  has been subjected to at least 10 s of light 

(cf. highlighted SO2 region, top, right panel, Figure 2). The arene ring in one of the tosylate ions 

(the rotor) also displays rotational disorder by this point (cf. highlighted arene, top, right, Figure 2). 

All ADPs for the 1-OSO ligand can be refined in crystal structures that have been exposed to at 

least 25 s light; while nearly 20% of the SO2 ligands have photoconverted to the 1-OSO 

configuration by 30 s of light. The extent of photoconversion in the rotor tracks that of the 1-OSO 

ligand, although its level lags by c.10% throughout the light-exposure process. -(OS)O 

photoisomer formation is not favourable given that it barely exceeds 5% photoconversion at any 

point in the light-exposure process. Besides, it is the 1-OSO photoisomer that engenders the 

rotation of the arene ring in a tosylate ion to form the rotor, i.e., nanooptomechanical transduction. 

The crystal absorbs light mostly in the 550-750 nm region during the first minute of light exposure, 

with the optical absorbance of 1 doubling at the wavelength of largest change (650 nm). The 

waveband associated with this peak at 650 nm starts to undergo a hypsochromic shift in optical 

absorption between 1 and 2 min of light exposure (Movie S1). This process take on another 

distinctive form within this time frame, as is evidenced via Figure 2 (bottom right); indeed, the 

photoconversion fractions of all photosensitive structural constituents of 1 are now essentially 

comparable by this stage of the photoisomerization process. 

The rates at which each photoconverted species change converge during the t = 2-5 min regime (see 

Figure 3, top right). This suggests that the photosensitive species start to operate via a single 
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contiguous mechanism beyond t = 5 min. In turn, this suggests that the onset of a further change in 

the operational mechanism occurs. During the light-exposure time period, 5 min < t < 10 min, the 

lower-wavelength absorption peak (c.500 nm) becomes essentially constant while the other peak 

continues its hypsochromic shifting until its wavelength starts to reach that of the lower-wavelength 

peak after c. 10 min light exposure. The peak has become relatively narrow by this point, while its 

optical absorbance has reached its maximum value of just over 1.0. The photoconversion levels of 

the SO2 ligand and the arene ring rotor have started to level out by this point. Further light exposure 

to 1 extends the hypsochromic shifting while its peak absorbance begins to diminish. Eventually the 

band stops shifting, at which point the two original peaks in the optical absorption spectrum appear 

to have coalesced. The optical absorption shoulder whose peak lies at c.675 nm then increases 

between 20-120 min, during which time the photoconversion levels and U11 of C6 display a 

marginal monotonic change as they tend to constant values. There is a small absorption dip at c.450 

nm after c.40 min light exposure, but otherwise, little changes after 20 min light exposure. All 

atoms appear to absorb light as heat after 40 min, judging from their significant increase in ADP 

values during this time period. However, there is a particularly marked increase in the ADPs for the 

oxygens of the dark-state configuration of SO2, and this occurs with a concomitant increase in long-

wavelength absorption. The photoconversion level of the -(OS)O configuration rises and then 

diminishes slightly during this time. Overall, these molecular movies indicate that there are five 

discrete light-exposure time periods which define distinct steps of the operational mechanism for 

nanooptomechanical transduction in 1. These are summarized in Figure 4.   
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Figure 4 - A summary of the five discrete steps of the operational mechanism for nanooptomechanical transduction in 1, as determined by this study. 

The displayed formation of the 1-OSO photoisomer is accompanied by a small amount of the side-bound 2-(OS)O photoisomer and a residual dark-
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state 1-SO2 configuration which is the dominant species. However, these are not shown for the purposes of clarity. Likewise, the light-induced steps in 

this figure display only the rotated arene ring even though they do not occur in all unit cells. 
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Figure 5 - Bond-length changes in 1 as a function of light-exposure time, partitioned into distinct 

parts of the cation and anions: the (Top left) ruthenium coordination environment; (Bottom Left) 

SO2 isomers; (Top right) non-disordered part of the tosylate anion that exhibits rotational disorder. 
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Assigning light-induced metal-based charge-transfer characteristics in 1 from bond-length 

changes. We now relate these changes in optical absorption to those of the structure more 

quantitatively, by comparing bond-length changes in 1 with those of optical absorption spectra as a 

function of light-exposure time. Figure 5 and Figures S8-S13 present these bond-length changes 

which have been partitioned into distinct parts of the cations and anions for 1. One cannot partition 

the spectral contributions from these distinct parts of the complex in a similarly explicit manner. 

However, the time-sequenced series of changes in these spectra as a function of light duration time 

do expose the contributions of individual parts of the complex, as their features generally dominate 

at different time points. This is a key asset of our approach as it affords an ability to make 

spectroscopic assignments about individual components of a complex from those of their structure, 

as well as considering the structure and optical absorption spectral characteristics overall. The core 

tenet of the spectroscopic assignment process relies on forging structure-spectra relationships from 

empirical observations, via the following sequential workflow: (a) empirically deduce structure-

spectra relationship(s) at specific time points where distinct changes in the structure and spectra are 

observed to occur; (b) where possible, rationalize these correlated structural and spectral changes at 

a given time point by considering how these metrological features may be related chemically; (c) 

where relevant, use previous spectroscopic assignments from the literature on reference compounds 

to label or corroborate the spectral features for which the empirical relationships that have been 

deduced via (a) and (b). Overall, this strategy permits the five distinct optical absorption features in 

1 shown in Figure 4 to be assigned to metal-based charge transfer characteristics directly from 

crystal structure information. 

The ruthenium coordination environment is associated with, by far, the largest bond-length changes 

that occur in 1 within the first minute of light exposure (Step 1, Figure 4). This stands to reason 

given we saw earlier that the 1-OSO photoisomer in 1 starts to form during this period. All bonds 

in the ruthenium core respond to this onset of photoisomerization. In particular, the Ru-S 

coordination strength of the residual dark-state 1-SO2 configuration increases markedly (Figure 

5(top left)), in order to compensate for the weaker nature of the Ru-O bond from the 1-OSO 

photoisomer[50] that forms at the direct expense of some of the 1-SO2 species. A large trans 

influence is also observed, whereby the Ru-Npyridyl coordination strength increases substantially (by 

 = -0.0154(8) Å) in response to this initial onset of 1-OSO photoisomer formation. The 

ruthenium-to-ligand nature of these photostructural changes indicates that 1-OSO photoisomer 

formation is primarily responsible for the rise of a strong MLCT band in 1 during the first minute of 

light exposure, which we witness as the green-to-red waveband of light in Movies S1 and S2. This 

band assignment is also consistent with that of 1-OSO formation in other [Ru-SO2] complexes, 
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[Ru(SO2)(NH3)4(H2O)]chlorobenzenesulfonate2[24] and [Ru(SO2)(NH3)4(3-

bromopyridine)]tosylate2.[25]  

These Ru-Npyridyl and Ru-Sdark bond-length changes do not recover as 1 is subjected to further light 

exposure, which makes sense since they are directly associated with the 1-OSO bond formation via 

a trans influence or the residual 1-SO2 species, respectively. Even larger, yet short-lived, bond-

length increases ( = +0.0048(9)-0.0186(9) Å) are observed in the Ru-Nammine coordination within 

the first minute of light exposure (Figure 5(top left)). Similar, albeit more modest, spikes in bond 

lengths are witnessed at t = 1 min, for most atoms in both cation and anions of 1. The fluxional 

nature of these bond-length changes is presumably associated with the reorganizational energy that 

is needed to accommodate photoisomerization. 

The Ru-O bond length in 1 at t = 1 min is 1.978(9) Å, which reduces to 1.964(4) Å over the next 

two minutes of light exposure, thereafter remaining constant to time within experimental error up to 

t = 26.5 min (the onset of Step 5, vide infra). This bond length converges rapidly, even though more 

cations in the crystal structure of 1 are photoisomerized with increasing light exposure time. This 

suggests that the Ru-O bond is not further influenced by Ru in any significant fashion. 

In contrast, the Ru-Npyridyl coordinative bond length in 1 continues to contract with increasing light-

exposure duration, albeit more moderately after t = 1, until it levels out at about t = 10 min; see 

Figure 5(top left). The extent by which this Ru-Npyridyl coordination in 1 is engaged in MLCT via -

back-bonding at any time, t, can be gauged from the bond-length differences, <Ru-Nammine> – Ru-

Npyridyl.[51] This difference is 0.010(1) Å for t = 0 and 0.037(1) Å for t = 1 min. i.e. one minute of 

light exposure on 1 has the effect of increasing -back-bonding in the Ru-Npyridyl coordinative bond 

by 0.027(1) Å. This corresponds to the maximum change in -back-bonding seen at any time step in 

the light exposure duration of 1 (see Figure S3, Supporting Information). This Ru-Npyridyl bond 

further contracts by 0.0034(8) Å during the period, 1 ≤ t ≤ 5 min, wherein the aforementioned 

hypsochromic shift in the optical absorption of 1 starts to be observed (Step 2, Figure 4). 

Meanwhile, all four Ru-Nammine bonds contract substantially within the time regime, 1 ≤ t < 10 min; 

their bond lengths cross through their original values by t = 5 min, after which point all Ru-N 

coordinative bonds undergo a net contraction relative to the dark-state configuration of 1. Ru-O and  

Ru-Npyridyl are barely changing beyond t = 5 min. Meanwhile, a new peak starts to be resolvable in 

the optical absorption spectra of 1 at t = 5 min. All of these observations indicate that a new step in 

the operational mechanism of nanooptomechanical transduction in 1 onsets at t = 5 min (Step 3, 

Figure 4). 
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This net bond contraction about the ruthenium core suggests that the significant Ru-Nammine bond 

changes occur in order to account for some sort of charge effect. This effect is presumably 

correlated to the newly resolved optical absorption peak at t = 5 min, which continues to undergo a 

hypsochromic shift as it grows to reach a maximum optical absorbance at t = 10 min. Now, 

oxidation of the metal is unlikely to be a cause of this charge effect, since RuIII-Nammine bond lengths 

are longer than those of RuII-Nammine bonds in the related complex, [Ru(NH3)5(pyridine)]2+ ion.[51]  

A more likely explanation is that this charge effect is, in some way, associated with one or more of 

the three other distinct structural changes that occur in 1 during the same time regime, 5 ≤ t < 10 

min. The largest of these structural changes concern the ring rotor, whose photoconversion fraction 

rises maximally during this time period and levels off at t = 10 min of light-exposure duration. This 

is accompanied by substantial bond-length changes in non-disordered component of the tosylate ion 

that involves the light-induced rotor which occur up to t = 10 min (Figure 5(top right)), especially 

for C13-C14 where  = -0.062(4) Å; C10-C15 also decreases monotonically by  = -0.022(2) Å. 

These changes are somewhat, but not wholly, compensated by bond-length expansions in C10-C11 

and C12-C13. In contrast, while the non-disordered tosylate anion displays a holistically similar 

pattern of bond-length changes, they are far more modest and are largely zero within experimental 

error. Accordingly, only the tosylate ion that features the rotor may be related to the aforementioned 

charge effect in 1. Another distinct structural change in 1 within the time regime, 5 ≤ t < 10 min, is 

the ADP of C6: the methyl substituent of the pyridine ligand that neighbors this tosylate ion. This 

ADP rises by its maximal amount during this time duration (Figure 3, bottom right). Figures 1 and 2 

show that this ADP is oblate whereby its maximal elongation points directly into the center of the 

ring rotor. Moreover, it would seem that one of the hydrogen atoms in this methyl group (H6A) 

participates in non-bonded interactions with the tosylate ion that features the rotor, cf. H6A-C11A = 

2.440(2)-2.485(2) Å and H6A-C12A = 2.376(2)-2.406(2) Å at t = 5-10 min. More intense 

interactions that involve this ring rotor with a different pyridyl substituent have recently been 

observed in the related complex, [Ru(SO2)(NH3)4(3-bromopyridine)]tosylate2.[25] Such interactions 

would provide a viable structural pathway that could link these two distinct structural changes 

involving the rotor to the Ru core via the pyridyl ring, thus offering an ICT channel that relates the 

Ru-Nammine charge effect indirectly to the concomitant increase in arene ring rotation. Studies on 

ground-state structures have shown long-standing success in inferring ICT effects in optically-active 

materials.[53-56] Nevertheless, further work is needed to confirm the precise nature of this charge 

effect; this will require a study in its own right. The other distinct structural change in 1 within the 

time regime, 5 ≤ t < 10 min involves the continued 1-OSO photoisomer formation, whose 

photoconversion fraction reaches a maximum at t = 10 min (see pink line in top right, Figure 3); a 
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compensatory depletion of the dark-state 1-SO2 isomer is demarcated by a continued rise in Ru-S 

bond-lengths which levels off at around t = 10 min (Figure 5(top left)). The formation of this 

photoisomer is already known to be correlated to that of the rotor.[22]  

Given all of these time-relevant structural correlations, the new peak that grows in the optical 

absorption spectra of 1 between t = 5-10 min (Step 3, Figure 4) would thus appear to be due, at least 

in part, to a charge effect in these Ru-Nammine net bond-length contractions which are, in turn, related 

to the ring rotor formation via some form of structurally connected pathway. This argument would 

also be consistent with the observation that this new optical absorption peak undergoes a 

hypsochromic shift (Figure 3) as this indicates structural changes which cause disruption of ICT 

within a complex.  

Meanwhile, the precise nature of the charge transfer that occurs within the immediate Ru core 

environment can be understood by considering that three of the Ru-Nammine bond lengths are similar 

to each other, while the Ru-N1 bond length is disparate. Indeed, the geometrically opposing Ru-N1 

and Ru-N3 bonds display a pseudo-Jahn Teller effect throughout their light-exposure time profile 

(Figure 5(top left)). Previous work on the closely related [Ru(NH3)5(pyridine)]2+ ion[52] reported a 

similar pseudo-Jahn Teller feature in the equatorial plane of its Ru-Nammine bonds; this was 

attributed to metal centered (MC) charge transfer and a substantial level of configurational mixing 

between MLCT and MC transitions was noted in this ion. Such mixing explained its lack of 

emissive characteristics. Likewise, 1 does not display any emission. It would thus seem reasonable 

to propose that MLCT and MC transitions in 1 from Ru-Npyridyl and Ru-Nammine respectively, 

likewise undergo configurational mixing. 

The Ru-Nammine bond-length changes are much larger than those observed for the Ru-Npyridyl bond 

and there are four of them compared to the one Ru-Npyridyl bond per cation. It is therefore tempting 

to suggest that the newly resolved optical absorption peak is likely to dominated by Ru-Nammine MC 

charge transfer. However, it should be borne in mind that the Ru-Npyridyl MLCT transition exhibits 

an intense band in the closely related [Ru(NH3)5(pyridine)]2+ ion, while the intensities of its MC 

transitions depend largely on the extent of MLCT and MC configurational mixing.[52] 

The optical absorption peak in 1 starts to diminish at t = 11 min while continuing its hypsochromic 

shifting and by t = 12 min the Ru-Npyridyl bond stops contracting. All three bonds in the rotor whose 

lengths have contracted up to this point also stop changing suddenly at t = 12 min; this effect is 

particularly stark for the C13-C14 bond, while C10-C15 and C11-C12 carry the same trend, as 

shown in Figure 5(top right). The cause of this sudden change at t = 12 min is illustrated via the 

Hirshfeld surfaces[57,58] of 1 for t = 11 and 12 min (Figure 6) and the non-bonded interactions 
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shown in Table 1. The encircled regions of Figure 6 highlight the presence of close interactions 

between the methyl group of the 3-methylpyridine ligand and the disordered arene ring (shown in 

red), which shift suddenly between t = 11 and 12 min from one side of the arene ring to almost its 

center. The methyl group rotates during this period as it manages to move over the protruding edge 

of the disordered ring into a less strained configuration, as evidenced by a substantial change 

(+0.109(2)-0.112(2) Å) in its closest Cmethyl-H
...Carene non-bonded interactions with the ring at t 

= 12 min; thereby, a different methyl hydrogen atom becomes the closest point of contact, as listed 

in Table 1. These light-induced interactions do not otherwise change significantly as a function of 

time, t. This is evidenced via the larger set of Hirshfeld surfaces shown in Figure S8 which map the 

start and end time points of all five distinct steps of the nanooptomechanical transduction 

operational mechanism in 1 (t = 0, 1, 5, 10, 11, 12, 26, 181 min). 

 

Table 1 - Non-bonded contacts and extent of ring rotation in 1 as a function of light-exposure time 

at the start and end time points of each of the five discrete steps of the operational mechanism for 

nanooptomechanical transduction. 

 

time, t / min ring rotation/° C6-H6A/C… C11/A length / Å C6-H6A/C… C12/A length / Å 

0 - C6-H6A … C11 : 3.055(3) C6-H6A … C12 : 2.746(3) 

1 46.2(2) C6-H6A … C11A : 2.37(3) C6-H6A … C12A : 2.35(3) 

5 47.3(7) C6-H6A … C11A : 2.440(2) C6-H6A … C12A : 2.376(2) 

10 48.7(4) C6-H6A … C11A : 2.485(2) C6-H6A … C12A : 2.406(2) 

11 48.6(7) C6-H6A … C11A : 2.496(2) C6-H6A … C12A : 2.414(2) 

12 48.8(7) C6-H6C … C11A : 2.608(2) C6-H6C … C12A : 2.523(2) 

26 50.0(11) C6-H6C … C11A : 2.633(3) C6-H6C … C12A : 2.527(3) 

181 51.4(11) C6-H6C … C11A : 2.64(3) C6-H6C … C12A : 2.56(3) 
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Figure 6 - Hirshfeld surfaces of 1 after 11 and 12 min of light exposure, as viewed looking down 

the crystallographic a axis. The red, white and blue regions show positive, neutral and negative 

isoenergies. The encircled regions highlight a close non-bonded contact (in red) between the methyl 

group of the 3-methylpyridine ligand in 1 and its tosylate anion that exhibits rotational disorder in 

order to alleviate the crystal-lattice strain that is caused by this close interaction. This methyl group 

rotates between t = 11 and 12 min of light exposure to lessen the strain; cf. the red area in the 

encircled region shifts to the center of the ring. Images were generated via CrystalExplorer.[58] 
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Rippling effects of this sudden structural change are manifested by corresponding, albeit more 

modest, jumps in bond lengths at t = 12 min that occur across the entire crystal lattice of 1 (Figure 5 

and Figures S2-S7). In particular, all four Ru-Nammine bond lengths increase suddenly by 0.006(1) Å, 

on average, between t = 11 and 12 min, in response to this reconfiguration of cation...anion 

interactions. Thereafter, Ru-N1 and Ru-N3 bonds continue contracting again until t = 26 min, at 

which point another sudden jump in bond lengths is observed. Ru-N2 and Ru-N4 follow this same 

trend, except that their bond lengths level off for a short period between t = 12 – 14 min before they 

start to contract again. This levelling off brings the Ru-Nammine bonds closer together, thereby 

yielding a smaller pseudo Jahn-Teller effect which we saw earlier was attributed to configurational 

mixing.[52] This observation suggests that the mixing of MLCT and MC charge transfer states 

depletes during this period. Moreover, we noted earlier that such mixing is required to provide the 

MC bands from  Ru-Nammine bonding with good intensity;[52] while we observe a diminution of 

intensity in the optical absorption peak from 11 < t < 26 min (Step 4, Figure 4). This peak continues 

to shift hypsochromatically during this period, in line with the continuing Ru-Nammine bond-length 

contractions until t = 26 min, at which point it can no longer be resolved from the broader envelope 

of optical absorption.  

Meanwhile, the photoconversion fraction of the rotor levels off during this time range of Step 4 

(Figure 3). The 1-OSO photoconversion fraction also decreases a little during this time, which 

results in a commensurate increase in the photoconversion fraction of the 1-SO2 dark-state 

configuration (top right, Figure 3). The associated Ru-S1 bond length contracts, as seen in Figure 

5(top left), which will also alleviate some of the need for the Ru-N bonds to contract.   

We mentioned that a second sudden jump occurs in most bond lengths of 1 at t = 26 min, as shown 

in Figure 5 and Figures S2-S7. This jump appears to be due to interactions between the SO2 group 

and the rotor which reach a limit at t = 26 min. As stated earlier (Scheme 1), the basic operational 

mechanism of nanooptomechanical transduction in [RuSO2] complexes deduced by Sylvester and 

Cole [22] involves such interactions. Thereby, the oxygen that protrudes from the 1-OSO 

photoisomer lies very close to a hydrogen of the non-disordered part of the disordered arene ring, 

yielding crystal-lattice strain. This strain becomes too great to sustain, as the photoconversion 

fraction of 1-OSO photoisomers reaches a certain level; in response, it relaxes by the process of 

rotational disorder such that the rotor forms. The same process can be seen in 1 whereby O2A is the 

protruding oxygen to which the hydrogen, H15A, lies particularly close, as shown in Figure 7. This 

plot also reveals that H15A lies close to the adjoining sulfur, S1A, of the 1-OSO photoisomer, as 

well as one of the dark-state oxygen atoms, O2. Figure 7 evidences that all three interactions 

decrease with increasing light-exposure time until t = 26 min, whereby the length of these non-



25 

 

bonded contacts appear to converge to a limit. A steep jump in an already increasing S1A-O1A 

bond length is observed at this point, as shown in Figure 5(bottom left). The Ru-O bond length 

increases by a similar amount at t = 26 min, despite being pretty unresponsive to light exposure 

otherwise. This would suggest that O1A is bound tightly to the Ru ion, such that the S1A-O1A bond 

takes up the slack until t = 26 min when the crystal-lattice strain becomes too great for the 

H15A...O2A bond to be able to further contract. Both Ru-O and S1A-O1A bonds suddenly lengthen 

considerably in response. The resulting S1A-O1A bond length (1.584(6) Å at t = 26 min; 1.599(9) 

Å at t = 181 min once fully light saturated) represents the longest reported S-O bond in any metal-

bound 1-OSO ligand, as evidenced by the Cambridge Structural Database[59]; hitherto, the longest 

such bond ever reported belongs to the closely related [Ru(SO2)(NH3)4(3-phenylpyridine)]Cl2.H2O 

complex whose S-O-(Ru) bond length is 1.566 Å.[26]. There is a considerable knock-on effect in 

most of the other bond lengths in 1, presumably because the sudden Ru-O bond length change will 

perturb the metal-based charge transfer of the cation and thus the charge of all ions in 1. 

 

Figure 7 – Changes in lengths of the non-bonded contacts, C15-H15A...O2, C15-H15A...O2A and 

C15-H15A...S1A in 1 as a function of light-exposure time, which denote the interactions between 

the 1-OSO and 1-SO2 isomers of 1 and a hydrogen of the non-disordered part of the arene ring of 

the tosylate anion that contains the rotor. These interactions contract to a converging limit at t = 26 

min. 

This step change in bond lengths also coincides with a slight depletion in the minor photoisomeric 

species, -(OS)O, whose photoconversion fraction becomes too low for its oxygen atoms to be 

modeled. This depletion of the -(OS)O photoisomer could explain the formation of the dip in the 

425-474 nm region of the optical absorption spectrum for 1 that appears at t = 26 min. 
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The operational mechanism of nanooptomechanical transduction enters its final phase (Step 5, 

Figure 4) at t = 26 min. Beyond this timeframe, the optical absorption profile undergoes a slight 

increase in its long-wavelength peak, which we saw earlier is associated with an increase in the 1-

OSO photoconversion fraction. The photostructural changes in the timeframe 26 ≤ t ≤ 181 min 

show a correspondingly marginal increase in the 1-OSO photoisomer formation, while other 

structural changes converge to a steady metastable state (see Figures S8-S13). Most atoms in 1 also 

appear to absorb light as heat after t = 40 min, judging from their increase in ADP values with this 

concomitant increase in long-wavelength absorption. Meanwhile, U11 of C6 is particularly large and 

reaches its maximum value during this step (Figure 3, bottom right). This presumably relates to our 

earlier observation that this methyl group participates in non-bonded interactions with the rotor, 

while the disorder in this ring is barely changing at this point. 

Mechanistic interpretation of nanooptomechanical transduction in 1. Considering all of the 

above observations and metal-based charge-transfer assignments, the overall stepwise mechanism 

of nanooptomechanical transduction in 1 can be interpreted as follows: (Step 1, 5 s ≤ t ≤ 1 min) 1-

OSO photoisomer formation with the corresponding rise in an intense MLCT band between 550-

750 nm that is due to -back-bonding in the Ru-Npyridyl bond. (Step 2, 1 ≤ t ≤ 5 min): Ru-Nammine 

bond lengths return to their dark-state values as the light-induced crystal structure adapts to the 

photoisomerization process. The Ru-Nammine and Ru-Npyridyl bonds are associated with the onset of a 

hypsochromic shift. The fractions of each photoconverted species start to become correlated. (Step 

3, 5 ≤ t ≤ 10 min): All Ru-N bonds in the cation of 1 undergo a net contraction; this charge effect 

seems to be related indirectly to the tosylate anion whose arene ring displays rotational disorder. 

The continuing Ru-Nammine bond contractions engender a newly resolved hypsochromically shifting 

peak in the optical absorption spectrum; this represents MC charge transfer which is 

configurationally mixed with the MLCT that occurs due to Ru-Npyridyl -back-bonding. The 

photoinduced structural changes in the cations and anions of 1 are now highly correlated as the 

nanooptomechanical transduction becomes pronounced. (Step 4, 11 ≤ t ≤ 26 min): The Ru-Nammine 

bonds further contract, although the configurational mixing of its MC charge transfer with MLCT 

declines. This causes the new peak in the optical absorption spectrum of 1 to start to diminish at t = 

11 min, having reached its maximum at t = 10 min; it continues to shift hypsochromatically while it 

depletes eventually to the point where it can no longer be resolved from the underpinning broad 

envelope of the optical absorption spectrum. The photoconversion fraction of the rotational disorder 

in the ring rotor levels off during this time frame; the 1-OSO photoisomer also decreases a little 

during this step. Meanwhile, a sudden change in most bond lengths is noticed at t = 12 min. The 

cause is the methyl group of the 3-methylpyridine ligand in 1 which structurally reconfigures to 
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alleviate the crystal-lattice strain that has built up between one of its hydrogen atoms and the photo-

induced rotational disorder in the arene ring of the rotor. The rest of the crystal structure of 1 

responds by most of its bond lengths undergoing a sudden change at t = 12 min. (Step 5, 26 ≤ t ≤ 

181 min): Another sudden jump in bond lengths is witnessed in most bonds of 1 at t = 26 min. This 

is primarily caused by interactions between the 1-OSO photoisomer and an arene ring hydrogen in 

the tosylate ion which undergoes disorder in order to alleviate the crystal-lattice strain that has built 

up to a critical point at this time. This affects the metal-based charge transfer in the ruthenium ion 

which in turn affects most bond lengths in 1 owing to its effect on charge. A slight depletion of the 

minor 2-(OS)O photoisomeric species is also observed at this time; a corresponding dip in the 

optical absorption spectrum starts to be observed in the region of 425-475 nm. Thereafter, 1 absorbs 

light as heat as witnessed by the increasing ADPs of most of its atoms. Meanwhile, the 1-OSO 

photoisomer increases slightly as all structural changes converge towards a steady metastable state.   

CONCLUSIONS 

In summary, a molecular movie has permitted the mechanism of nanooptomechanical transduction 

in the newly discovered single-crystal optical actuator, 1, to be unravelled. The correlated rendering 

of its structural and optical absorption properties has facilitated the assignments of MLCT and 

MCCT bands in 1 which rise and fall in correspondence with the photostructural changes that 

unfold during this optical actuation process. We have shown that the originally cast basic 

operational mechanism for nanooptomechanical transduction that occurs in certain [RuSO2] 

complexes is also mirrored in this study of 1. However, the overall mechanism is far more 

complicated than originally envisaged; it appears to occur via five discrete mechanistic steps that 

involve complex and correlated optical and structural effects. These detailed mechanistic insights 

that have been afforded by this work will assist in the molecular design of new nanooptomechanical 

transducers in [RuSO2] compounds, as well as help to characterize the fundamental optical and 

structural properties of SO2 linkage photoisomerization in coordination chemistry. In broader terms, 

our demonstrated ability to assign metal-based charge-transfer bands in single-crystal optical 

absorption spectra directly from light-induced crystal structures could be useful in all manner of 

optoelectronic processes. 
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