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Solid-state reactions are influenced by the spatial arrangement of the reactants and the electrostatic 

environment of the lattice, which may enable lattice-directed chemical dynamics. Unlike the caging imposed by 

an inert matrix, an active lattice participates in the reaction, however, little evidence of such lattice participation 

has been gathered on ultrafast timescales due to the irreversibility of solid-state chemical systems. Here, by 

lowering the temperature to 80 K, we have been able to study the dissociative photochemistry of the triiodide 

anion (𝐈𝐈𝟑𝟑−) in single-crystal tetra-n-butylammonium triiodide using broadband transient absorption spectroscopy. 

We identified the coherently formed tetraiodide radical anion ( 𝐈𝐈𝟒𝟒−•)  as a reaction intermediate. Its delayed 

appearance after that of the primary photoproduct, diiodide radical (𝐈𝐈𝟐𝟐−•) indicates that 𝐈𝐈𝟒𝟒−• was formed via a 

secondary reaction between a dissociated iodine radical (𝐈𝐈•) and an adjacent 𝐈𝐈𝟑𝟑−. This chemistry occurs as a result 

of the intermolecular interaction determined by the crystalline arrangement and is in stark contrast with previous 

solution studies. 

System-bath interaction (SBI) is the distinguishing feature of condensed-phase chemistry1. In this context, the reactants 

constitute the system of interest and the molecular environment (i.e. solvent or lattice) functions as the bath. The system 
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and the bath are coupled via intermolecular interactions of various origins, which exert influence in the chemical dynamics 

unfolding on different timescales. While the interaction between the solute and the solvent-bath has attracted great 

attention for ultrafast studies2–5, the influence of the crystal lattice has been mostly investigated in doped inert matrices6 but 

little explored in bulk single crystals, in which the reactants form part of the lattice. In the latter case, chemical dynamics 

initiated by external stimuli can induce cascaded reactions promoted by SBI as a result of the spatial arrangement of the 

reactants within the lattice. Here we use a model photochemical system, the triiodide anion (I3−), to illustrate this. As one of 

the best-studied molecular systems, I3− possesses only three or four vibrational degrees of freedom in its bent or linear 

geometries, which provides a much better defined probe for SBI than the more complex systems. Even within this relatively 

small system, there is a wealth of interactions that probe nearly all aspects of the SBI. The I3− anion dissociates into various 

iodine-containing fragments7,8 upon photoexcitation to either of its two major absorption bands (labelled C and D in Fig. 

1b). The conical-intersection-mediated8 bond-breaking event takes place within a few hundred femtoseconds after 

photoexcitation, allowing the transfer of vibrational coherence from the reactant to the principal diatomic photoproduct, 

diiodide radical (I2−•), in condensed phases9–12. The strength of the SBI is quantifiable by the vibrational dephasing time of 

I2−•,11 the recombination rate of I2−•,13 and the recovery rate of the ground-state I3−.14 

    To investigate the influence of SBI on I3− photodissociation in solid-state systems requires tackling the irreversibility of 

the reaction. To date, the only published ultrafast study on solid-state triiodide13 employed spatially-encoded single-shot 

spectroscopy. The speed-up of the recombination in crystals with stricter spatial confinement of the reactant was direct 

evidence of lattice caging. However, the single-shot method applied in that study was limited to single-wavelength probing 

from the dual-echelon design, and suffered from low signal-to-noise ratio (SNR) due to low probe transmission through 

thick sample11. The limited photocycles of the sample at room temperature has placed stringent constraints on the time-

delay range that can be measured on a single sample. To improve the measurement conditions, we studied the reaction in 

ultramicrotomed thin crystalline samples at 80 K by measuring the transient absorption (TA) following 400 nm 

photoexcitation with a supercontinuum probe covering both the triiodide and the diiodide bands. We chose to study tetra-

n-butylammonium triiodide (n-Bu4NI3, or TBAT) since the I3− chains are strictly confined in the 1D channels (see Fig. 1a) laid 

out by the counterion framework, implying a strong SBI. We first demonstrate this computationally by comparing gas-phase 

and solid-state quantum chemical calculations of the electronic structure of I3−, which can explain the spectroscopic 

signatures produced by the lattice influence from that of isolated I3−. Then, in our TA experiment, through a combination of 

global analysis, time-frequency analysis and Fourier-filtering, we found clear evidence of coherent I4−• formation via a 

secondary reaction that takes place within a few ps of photoexcitation, and concurrent lattice perturbations conducive to 

the reaction. These two aspects of lattice participation complement the known influence of the SBI (i.e. lattice caging) 

pertaining to this model photochemical reaction in single crystals. 
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Results and discussion 

Consequences of the crystalline environment on the system-bath coupling. The I3− chains exhibit high structural 

malleability in solution15,16 and in the solid state17 as a result of electrostatic interactions with their surroundings. The solid-

state absorption spectrum of TBAT is remarkably more complex than that in ethanol solution (see Fig. 1b). While the 

solvated I3− spectrum is dominated by the C, D and E bands in the UV-NIR region, the solid-state TBAT spectrum displays 

much more intense A and B bands (both are spin-flip transitions), spectral broadening in all bands, as well as band-specific 

polarization dependence. This significant difference in the absorption spectra is mainly due to the existence of two types of 

I3− chains (named straight and bent chains) in TBAT due to intermolecular interactions (IMI), and are identifiable in the 

resonance Raman spectrum.18,19 This manifestation of IMI has been termed the Craig effect in the context of organic 

molecular crystals exhibiting configurational mixing of electronic states.20 These two types of I3− chains represent the two 

independent anions in the asymmetric unit of the TBAT unit cell. In effect, each type of I3− chain produces a set of bands and 

most of them are well separated by tens of nanometers in the spectra due to differences in the molecular orbital (MO) 

energies (see Fig. 1d-g).     

Physically, the differences in MO energies can be associated with a DC Stark effect caused by the permanent electric 

dipole moment a bent I3− chain possesses in relation to the ionic lattice, which is absent in its linear optimized gas-phase 

structure. Density of states (DoS) calculations in solid state (see Fig. 1f-g) show significant changes in the electronic 

structure from gas phase due to IMI, which causes further broadening of the absorption bands that give rise to the observed 

spectra. The calculations for solid-state TBAT also revealed that electronic transitions in the UV-NIR energy range are 

localized to I3−, therefore, the 400 nm photoexcitation targets only the triiodide part of the unit cell. The counterions do 

provide the structural scaffolding that orients the I3− along the a axis, thereby limiting their motion. This provides a 

necessary condition for lattice-directed reaction dynamics. 

 

Transient absorption measurements. We measured the low-temperature transient absorption of the sample using the 

experimental setup described in the Methods section. At 80 K, coherent dynamics persist beyond 10 ps after 

photoexcitation (see Fig. 2a). A continuation of fast oscillations with frequencies similar to the stretching modes of I3− and 

I2−• is visible up to a probe delay of ~ 6 ps across most of the probe spectrum, although the instability of the supercontinuum 

probe near the pump wavelength (800 nm) washed out the coherent dynamics in neighboring spectral regions. 

The sign of the TA signal presents an obvious choice for dividing the probe spectrum into the reactant- and the 

photoproduct-dominating bands, despite the overlapping absorption bands of the different chemical species involved in the 
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reaction (see Fig. 1b-c). The location of a major I2−• absorption band (X → A′) in the 700-800 nm region is in good agreement 

with previous condensed-phase studies10,11,24. Further justification is found from the 2D power spectrum (see Fig. 2b) of the 

global-analysis25 residuals, calculated using Welch’s frequency estimation method26 (see Supplementary Information, 

Section 3.1). The downward frequency shift in the 100-125 cm-1 region from the short to the long wavelength side of the 

probe spectrum in Fig. 2b is a clear manifestation of the gradual change of molecular character, since the symmetric 

stretching mode of I3− (110-112 cm-1) has slightly higher frequency than the stretching mode of I2−• (e.g. 102-106 cm-1), as 

established in previous solution-phase studies9,12,22 and in our DFT calculations (see Supplementary Table 2-3). 

To visualize the time evolution of the frequency components, we applied continuous wavelet transform (CWT)27 to the 

time-series data. The panels in Fig. 2c-e show the results from CWT of the residuals at three probe wavelengths (461 nm, 

606 nm and 713 nm) that characterize distinct regions of the TA spectra (Fig. 2a). The major frequencies retrieved from the 

analysis are tabulated in Supplementary Table 1, along with available assignments. 

 

Interpretation of the reaction intermediates and pathways. Transient absorption spectra contain information on 

electronic population dynamics and coherent nuclear signatures, which can be exploited to identify reaction intermediates 

and infer reaction pathways. To unravel the complexity in the overlapping absorption spectra, we Fourier-filtered28 the 

global analysis residuals at each wavelength to single out frequency components of interest (see Fig. 3a-b). The filtering 

markedly improved the visibility of the π phase jumps of the oscillations that were buried in the residuals (see 

Supplementary Fig. 12), The node (i.e. zero-crossing) of the phase jump can be used as a marker of absorption peak9,28–30 in 

femtosecond TA measurements involving impulsively excited modes, since wavepacket motion of the hot ground-state 

photoproduct around its energy minimum manifests itself in the antiphase oscillations observed at wavelengths about 

equally distant on opposite sides of the absorption maximum. For coherently formed ground-state I2−•, its low-lying X → A′ 

absorption band contributes a node at its peak around 750 nm, as shown in previous solution9,10 and solid-state11 TA 

experiments. Filtered at center frequencies of 22 cm-1 and 33 cm-1 (see Fig. 3a-b), the residuals show a node at ~ 482 nm for 

both frequencies, and an additional node at ~ 587 nm, but only for the 33 cm-1 mode. Since 22 cm-1 is a libration mode of I3− 

in TBAT19, the 482 nm node can be assigned to the ground-state I3− (possibly the B band, see Fig. 1b), but the 587 nm node 

points to another coherently evolving molecular species involved in the reaction. From the known absorption spectra of 

polyiodides31, a very close match is found in I4−• (see Fig. 1c). Therefore, the delayed appearance of the 33 cm-1 mode is 

better associated with the emergence of I4−• given its high temporal correlation with the growing signature at a probe delay 

of 2-6 ps in Fig. 2d and 3c. The appearance and decay of this positive signal in the TA spectra at 590-640 nm (see Fig. 3d-e) 

and its gradual separation from the X → A′ band of I2−• further supports the assignment to I4−•. 
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    On the other hand, the timescales and spectral information contained in the DAS also lend support to I4−• formation. The 

six DAS within a probe delay of 1 ns are shown in Fig. 3f. The first one, with a lifetime of 65 fs, was regarded as coherent 

cross-phase modulation or fast electronic processes that cannot be fully resolved with the time resolution of our 

experimental setup (FWHM of the wavelength-dependent instrument response function is ~ 100-150 fs). The other five 

represent different stages of the chemical dynamics. 

    Kinetic evidence from a previous flash photolysis study23 showed that I4−• can be formed from bonding of the highly 

reactive I• to I3−. In that study, the former intermediate came from the photodissociation of I2, while the latter was present in 

the solution as a result of the chemical equilibrium between I2 and I−. In our study, a similar situation exists, but here, I• is 

provided by the photodissociation of I3− through a two-body photodissociation channel, and the I3− very likely comes from a 

neighboring lattice site that was lying right along the dissociation trajectory of I•. The well-aligned I3− chains in the TBAT 

crystal and the high polarizability of inter-iodine bonds increase the chance of long-chain formation. Hence, we postulate 

that the production of I4−• in crystalline TBAT can be described by the following two-step reaction, 

I3−
ℎ𝜈𝜈
�� I2−• + I• (a) 

I• + I3− ⇌ I4−• (b) 

The negative and positive features in DAS signal growth and decay of electronic population, respectively. With help from the 

available absorption spectra of related species (see Fig. 1b-c), we can relate the signatures in the region > 650 nm and 

around 587 nm to I2−• and I4−•, respectively. The timescales of the remaining five DAS (see Fig. 3f) can be interpreted as: (2) 

I2−• formation; (3) first phase of I2−• recombination and onset of I4−• formation from I• and I3−; (4) start of I4−• dissociation 

reaction; (5)-(6) I3− recovery and I2−• recombination. The two-step reaction scheme requires a separation of timescales of I2−• 

and I4−• formation. The evidence of this time lag is emphasized in Fig. 3e between the probe delay of 0-5 ps in the I2−• and I4−• 

bands. Furthermore, matrix-isolation spectroscopy32 and quantum chemical calculations (see Supplementary Table 8) 

provided support that I4−• possesses electronic transitions below 500 nm, which can explain the bands appearing between 

490 nm and 520 nm, as well as in the region < 450 nm in DAS (3)-(4). Both of these two bands emerge and decay in sync 

with the 587 nm band of I4−• in the DAS, and therefore should have the same association. The positive signatures of the I2−• 

and I4−• formation and the negative signature of the ground-state bleaching of I3− contribute to the complexity seen in the 

DAS, e.g. the dispersive profile of DAS (3)-(4) around 587 nm. 

Finally, we fitted the global analysis residuals to extract the lifetimes of the oscillatory features at different probe 

wavelengths following Ref. 33, The results summarized in Section 3.2 of the Supplementary Information show that while 

most of the coherent oscillations have lifetimes on the order of 0.5-3 ps, the I3− lattice modes of 13 cm-1 and 31 cm-1 decay on 

6-10 ps, which goes beyond the timescale of I4−• formation (see Fig. 2d). This indicates that the lattice dynamics is still 

coherent when the secondary reaction takes place, giving rise to coherently formed I4−•. Both of these modes are of 
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librational or translational characters, which can couple I• and I3− directly into the product state. In addition, the lattice 

modes also provide dissipation channels to accommodate the excess energy released in the reaction. 

The evidence of the appearance of I4−• as a reaction intermediate has brought to the forefront the possibility of bond 

formation due to selective intermolecular interaction in the solid state on ultrafast timescales. In our study, this scenario is 

more plausible for light species like I• than its diatomic co-product I2−• with an adjacent I3−, because the excess translation 

energy imparted to I2−• from bond-breaking will, according to momentum conservation, grant it only half of the recoil 

velocity as I•, and it will be further slowed down by the Coulombic repulsion from I3−. The alternative two-body dissociation 

channel (I3−
ℎ𝜈𝜈
�� I2 + I−) contains a distinct monatomic fragment, the iodide anion (I−), but its reactivity is low and the 

formation of the dianion I42− through an analogous bimolecular association pathway, I− + I3− ⇌ I42−, is thermodynamically 

discouraged34,35. Furthermore, the other photofragment, I2, will generate the well-characterized absorptive signal in the 

region of 500-600 nm from its major absorption bands36, and will follow different kinetics with respect to the spectral 

region dominated by I2−• formation. However, these I2 signatures have not been observed in our experiments. The low TA 

signal in the spectral region of 550-590 nm from all time delays contrasts starkly with the emergence of the I2−• band in the 

near-IR region (see Fig. 2a and 3d), this supports an explanation invoking only I2−• and I4−•. A possible reaction mechanism 

derived from our analysis is sketched in Fig. 4. 

 

Comparison with solution-phase results. I3− undergoes dissociation from its C band in both solution and solid state. The 

dividing line, however, lies in the secondary reactions starting with spatially separated photofragments. The reactive 

encounters between I• and I3− should be present after I3− photodissociation in solution, but they are outrun by competing 

secondary processes such as the geminate recombination of I• and I2−• within the same solvent shell. The bimolecular I4−• 

formation reaction does not contribute significantly to the measured TA signal. In solid-state TBAT, however, the 

dissociated I• fragment proceeds in a very restricted pathway determined by the geometry of the space in which the 

reactants reside. Therefore, I4−• formation becomes a dominant process and is well observable in TA measurements. To our 

knowledge, I4−• formation as a secondary reaction pathway has not been observed in previous femtosecond TA studies on I3− 

in condensed phases9–12,14,22,38. The use of thin single-crystal samples, broadband probe and significantly improved SNR 

allowed us to capture these reaction details. 

    The observations made in the present study allow us to compare solution and solid-state TA experiments in a general 

sense. In solution phase, solvent friction results in rapid vibrational decoherence of solute molecules, therefore typically 

only fast coherent modes with periods not much longer than the mean free time between collisions (on the order of a few 

hundreds of fs)39 can survive dephasing. They appear as underdamped oscillations modulating the electronic TA spectra in 

the UV-NIR range40, or as population dynamics in electronic-vibrational TA spectra in the mid-IR range41. The collective 
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modes of the solvent bath are usually overdamped and therefore not spectroscopically discernible. In molecular crystals, 

however, the bath modes are well-defined (external) lattice modes and are greatly enhanced by the translational symmetry 

of the crystal. The internal (molecular) modes are coupled to the lattice modes and yet still retain their molecular 

characters42, therefore, molecular motions initiated by chemical reactions are directly translated into lattice excitation. In 

addition, the limited mobility of the molecular species in the crystal slows down decoherence, which allows the slow bath 

modes to be captured via optical means. In this sense, solid-state experiments has the distinct advantage in that information 

on the coherent and population dynamics do not suffer from averaging of isotropic ensembles, as is the case of solution-

phase studies. New information on the directional aspects of the chemistry is revealed as the present case has shown. 

 

Conclusion 

We investigated the molecular and lattice dynamics following the photodissociation of I3− in the solid state (TBAT single 

crystals) from 400 nm photoexcitation to its C band. Using broadband probe, global analysis and advanced frequency 

analysis, along with structural and electronic information obtained from theoretical calculations, we unraveled the 

complexity of the problem and isolated distinctive spectroscopic features of the I4−• intermediate. We proposed a reaction 

scheme taking into account the intermolecular interactions between well-aligned adjacent I3− chains in the highly reactive 

ionic environment to explain our observation. Moreover, we identified prominent coherent lattice perturbations linked to 

I4−• formation. These aspects constitute coherent and ultrafast lattice accommodation of reactive species and provide 

experimental evidence that lattice-coupled reactive systems exhibit stereochemical selection determined by the local bath 

geometry, in addition to the caging effect an inert bath (e.g. inert solvent or solid matrix) imposes. Our results suggest that 

the corresponding gas-phase reaction scheme needs to be significantly modified to take full account of the system-bath 

interactions in the crystalline environment (between reactant, photoproduct and lattice). The very recent surge of 

interest43–45 in the study of the coupling of lattice dynamics to various reactive molecular systems on ultrafast timescales 

also demonstrate the varieties of lattice participation, which will require investigation on a case-by-case basis to eventually 

arrive at a generalized description of lattice-coupled reaction dynamics. Furthermore, our study motivates future work to 

verify the present findings using structure-resolving probes46 that directly access the spatial degrees of freedom, which are 

fundamental to understanding chemistry. 

 

Methods  

Sample preparation. Commercially available tetra-n-butylammonium triiodide (Sigma-Aldrich, ≥ 97.0%) was used for crystallization using 

the solvent evaporation method from ethanol solution. The crystals were wet-cut on water using an ultramicrotome (Leica EM UC7) 
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close to their long axes (crystallographic a axis) to produce samples with a thickness of ~ 1 μm (OD ~ 1 at 400 nm). The cut slices were 

harvested and dried on fused silica substrates before optical measurements. 

Optical measurements. The steady-state absorption spectra of solid-state TBAT were measured with a home-built microspectrometer47 

employing a fiber-coupled deuterium halogen lamp (Ocean Optics, DH-2000-BAL) with ~ 100 μm focus size at the sample position. The 

solution spectra were measured with quartz cuvettes in a commercial spectrophotometer (Shimadzu UV-2600). The low-temperature 

transient absorption measurements were performed in a liquid nitrogen cryostat (Oxford Instruments, Optistat DN-V2). Both pump and 

probe pulses were derived from the same ultrafast Ti:Sapphire laser (Coherent Legend Elite USP) with 40 fs, 800 nm outputs operating at 

500 Hz. To accommodate the slow recovery rate of the sample, a chopper was used to reduce the overall repetition rate to 250 Hz. The 

400 nm pulses from the second harmonic generation of 800 nm laser fundamental ran at 125 Hz during the measurements with an 

excitation fluence of 0.29 mJ/cm2 (5.8 × 1014 photons/cm2). The probe was 800 nm-pumped supercontinuum generated in ultrapure 

water. The 800 nm residual in the supercontinuum was filtered out before the sample. The transmitted probe was detected at every shot 

using a home-built spectrometer with fast electronics. Further details are provided in Supplementary Information, Section 1.3. 

Computation. The crystal structure21 of TBAT obtained from the Cambridge Structural Database (CSD) was optimized using the PBE48 

density functional and Tkatchenko and Scheffler dispersion correction scheme49 in CASTEP 8.0. Norm-conserving ‘recpot’ 

pseudopotentials were used for each element. The optimization of atomic positions and unit cell vectors were carried out simultaneously 

using the BFGS method within the symmetry constraints of the unit cell (P1 symmetry). The resulting structure was then used to 

compute electronic band structure (Supplementary Fig. 13), density of states (Fig. 1f), and partial density of states (Fig. 1g). Density 

functional theory (DFT) calculations of the normal modes of iodine species (I2, In− with n = 2, 3, 4) also employed the PBE pure exchange 

and correlation functional. They were carried out for optimized geometries in the gas phase and in a polarizable continuum model (PCM) 

with n-pentane as the solvent to simulate the environment effect. The symmetry is D2h for the optimized minimum energy structures 

(except where noted in the Supplementary Information). The vertical electronic transitions of gas-phase structure-optimized triiodide 

and tetraiodide (both are linear) in the UV-Vis region were calculated using time-dependent DFT (TDDFT). For comparison, TDDFT 

calculations were also performed for “straight” and “bent” triiodides obtained from CASTEP optimization mentioned before to explore 

the effects of bond lengths and angles on the electronic structure. In the “straight” triiodide, ∠(I-I-I) = 177.6° and the bond lengths are 

2.928 Å and 2.867 Å; In the “bent” triiodide, ∠(I-I-I) = 173.8° and the bond lengths are 2.950 Å and 2.910 Å. Calculations for these two 

structures were performed in Cs symmetry (Supplementary Table 5-6). Both DFT and TDDFT calculations in gas phase and in PCMs were 

performed with the SDB-aug-cc-pVTZ basis set50 using Gaussian 09 Revision A.02. The unrestricted formalism was employed to describe 

the doublet spin multiplicity of ground-state diiodide and tetraiodide. 

Data availability. The datasets generated and/or analyzed during the current study are available from the corresponding author on 

reasonable request. 
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Figure captions 

 

Figure 1. | Crystal and electronic structures of 𝐈𝐈𝟑𝟑−. a, Crystal structure21 of TBAT viewed close to the crystallographic a axis. The 

two types of  I3− chains (“straight” and “bent”) with slightly different opening angles, ∠(I-I-I), are stacked alternately along the c 

axis as indicated by the arrows. The black parallelepiped circumscribes the volume of a unit cell. b, Normalized absorption spectra 

of TBAT in ethanol (EtOH) solution and in solid state. The two solid-state spectra were measured with ultramicrotomed samples 

and incident broadband light polarized parallel and perpendicular to the a axis, respectively. c, Normalized absorption spectra of 

the photoproduct I2−• (blue, adapted from Ref. 22) and I− (purple) in EtOH solution. The red curve represents the absorption 

profile of coexisting I2−• and tetraiodide radical anion (I4−•) in tertiary butanol (tert-BuOH)23. In b and c, the established 

spectroscopic nomenclatures are placed next to the corresponding bands or in brackets next to the species’ names. The orange-

shaded rectangular region in b-c represents the spectrum of the supercontinuum probe (410-855 nm) in TA experiments. d, 

Density of states (DoS) of the isolated, geometry-optimized I3−. e, DoS of the isolated, bent (173.8°) and straight (177.6°) I3− with 

geometries from optimization of a deposited TBAT crystal structure21 (see Supplementary Table 12). f, DoS of the TBAT unit cell. g, 

Partial DoS of the I3− cations, including, respectively, the straight and bent chains. The HOMO energies in gas-phase calculations and 

the Fermi energies in solid-state calculations are aligned to the energy axis origin for better comparison. The MO labels in e follow 

those in d, while those in g follow f. 
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Figure 2. | Short-time dynamics and frequency analysis. a, Differential absorption (dA) of TBAT measured up to a probe delay 

of ~ 14 ps after photoexcitation. b, The 2D power spectrum (up to 240 cm-1) across the probe wavelengths of 412-760 nm 

calculated with Welch’s frequency estimation method26. The frequency contents include libration, bending and stretching 

vibrations, the combination modes, etc (see Supplementary Table 1). c-e, Time-frequency analysis. In each panel, the TA trace and 

its residual from removal of the population dynamics are followed by wavelet spectrograms in two frequency ranges, showing the 

temporal evolution of the major molecular and lattice modes of the relevant chemical species. The data starting from ~ 100 fs after 

time zero were used for analysis. The low frequency range features the libration modes (22 cm-1, 31 cm-1 for 𝐈𝐈𝟑𝟑− in TBAT); the high 

frequency range features the stretching modes of polyiodides (i.e. 𝐈𝐈𝐧𝐧−, where n=2, 3, 4, …). The delayed appearance of the 33 cm-1 

mode is in accordance with a growing signature in the corresponding TA trace, whereas the onset of the stretching modes are 

more aligned to the time zero, implying impulsive excitation. For better presentation of the fine details, gamma correction (see 

Supplementary Information, Section 2) was used to rescale the regions in b marked by dashed rectangles (red scaled down and 

blue scaled up) and the low frequency panel in c. 
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Figure 3. | Evidence of 𝐈𝐈𝟒𝟒−• formation. The TA residuals Fourier-filtered at 22 cm-1 and 33 cm-1 are shown in a and b, respectively. 

These results show π phase jumps across the nodes at 482 nm (both 22 cm-1 and 33 cm-1 modes) and 587 nm (only 33 cm-1 mode). 

c, Zoomed-in plot of the dashed region around in b. In this color scheme, the delayed appearance of the π phase jump across the 

587 nm node (marked by the white dashed arrow) and the change of the amplitude of the oscillations on the short and long 

wavelength sides of the node become more visible. d, TA spectra measured with unequally distributed time steps at a probe delay 

up to 1.5 ns after photoexcitation. e, Zoomed-in plot of the dashed region in d with a more discerning color scheme to reveal the 

delayed onset of the TA band associated with  I4−•, in respect of I2−•, as traced out by the dashed arrows. f, Decay associated spectra 

(DAS) in the spectral region of 412-760 nm obtained from global analysis of the data of Fig. 2a and d. The arrows indicate the 

wavelength regions of the nodes shown in a-b. 

 
Figure 4. | Possible reaction mechanism of 𝐈𝐈𝟑𝟑− in solid-state TBAT. C-band photoexcitation of I3− (to the excited state I3−∗) 

triggers a dissociation reaction. The excited I3−∗ crosses at least one conical intersection8 to form I2−• in its electronic ground state 

and I• with a reasonable amount of translation energy. According to the crystal structure, I• then needs to travel < 1 Å along the 

direction of the intermolecular vector between neighboring I3− chains before forming a bond with an adjacent I3− upon reactive 

encounter to yield I4−•. The resulting diiodide-tetraiodide configuration (I2−• ⋅⋅⋅ I4−•) likely sits in an energy local minimum nearby 

the global minimum of the triiodide dimer configuration (I3− ⋅⋅⋅ I3−) along the reaction coordinate. The attractive nature of the 

intermolecular potential at long separation distance indicates that the three-species intermediate (i.e. I2−•, I• and I3−) will have an 

overall higher system energy than the I2−• ⋅⋅⋅ I4−• configuration. Since the electrostatic environment can stabilize the I3− ⋅⋅⋅ I3− 

configuration in the solid state by providing attractive interaction to overcome the Coulomb repulsion between these ions37, over 

time, I2−• ⋅⋅⋅ I4−• reforms I3− ⋅⋅⋅ I3− through various (e.g. geminate or non-geminate) recombination processes influenced by local 

lattice perturbations, thereby reversing the reaction. 
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