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ABSTRACT: Developing interfacial probes of ligand-nanocluster interactions is crucial for 

understanding and tailoring the optoelectronic properties of these emerging nanomaterials.  Using 

transient-IR spectroscopy we demonstrate that ligand vibrational modes of oleate capped 1.3 nm 

InP nanoclusters report on the photogenerated exciton.  The exciton induces an intensity change 

in the asymmetric carboxylate stretching mode by 57%, while generating no appreciable shift in 

frequency.  Thus, the observed difference signal is attributed to an exciton induced change in the 

dipole magnitude of the asymmetric carboxylate stretching mode.  Additionally, the transient-IR 

data reveals that the infrared dipole change is dependent on the geometry of the ligand bound to 

the nanocluster.  The experimental results are interpreted using TDDFT calculations, which 

identify how the spatial dependence of an exciton-induced electron density shift affects the 

vibrational motion of the carboxylate anchors.  More broadly, this work shows transient-IR 

spectroscopy as a useful method for characterizing ligand-nanocluster coupling interactions. 
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The use of nanoparticles in the manufacturing of optoelectronics is gaining traction as a 

commercially viable strategy to improve the properties of common devices including wide color 

gamut displays, LEDs, and photovoltaics.  The ability to easily tune their energy bandgaps, in 

addition to their solution processability and stability makes quantum dots (QDs) promising 

materials for these applications.1-5  The optical properties of semiconductor nanoparticles are 

governed by both quantum confinement and surface effects.6-8  The relative increase in surface 

atoms as the nanoparticle’s volume decreases results in the surface chemistry playing a significant 

role in determining the excitonic properties of the nanoparticle, such as the charge carrier behavior.  

Typically, the surface of the nanoparticles are passivated using either a core-shell architecture or 

capping ligands to control the colloidal stability and optical properties of the nanoparticle.9-12  

Insulating, long chain fatty acids have proven to be effective capping ligands during initial solution 

phase synthesis due to their significant solubility in organic solvents.  It is possible to modify the 

surface chemistry of nanoparticles post-synthetically through ligand exchange to control charge 

carrier dynamics, interparticle coupling,13 and design additional functionality such as biochemical 

sensing capabilities.14-15  The advances made in synthetically tuning the surface chemistry of 

nanoparticles are spurring the development of experimental probes to quantitatively understand 

how the ligand architecture mediates nanoparticle dynamics.  

Nanoparticle capping ligands are effective at passivation due to their interaction with the 

facial atoms at the nanoparticle-ligand interface.  The resulting interaction between the 

nanoparticle and the passivating ligands has motivated studies focusing on the ligands’ effect on 

the nanoparticle wavefunction and the resultant band gap modification.  Studies using a 

combination of X-ray photoelectron spectroscopy, pulsed cyclic voltammetry, and computational 

modeling have shown that the ligand effects on QD systems are nontrivial.16-21  Experiments on 
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PbS QDs measured modification in the valence band maximum (VBM) up to 2.0 eV when the 

ligands were functionalized with electron withdrawing groups of varying degrees.19  A similar 

study done on CdSe QDs suggested the VBM shifts are also dependent on the nanoparticle size, 

where the smaller nanoparticles’ wavefunction gains increased ligand character.18  Indeed, the 

optical properties of CdSe nanoclusters with radii ≤1.2 nm were found to be significantly 

influenced by the ligand-exciton coupling.22  Transient absorption spectroscopy has measured a 

ligand dependence on the band edge relaxation of CdSe QDs.23  These studies point to the 

importance of ligand-nanoparticle coupling and its effects on the overall nanoparticle exciton 

dynamics.  

Several time-resolved spectroscopic studies have focused on understanding the role of low-

frequency phonon modes in determining the pathways for free carrier relaxation dynamics.24-29  In 

contrast, less work has been performed on elucidating the role of high-frequency vibrational modes 

of the capping ligands in ligand-nanoparticle coupling and exciton dynamics.16  Since the 

nanoparticle wavefunction is influenced by ligand binding, the high-frequency vibrational modes 

of the ligand are also expected to play a role in the exciton dynamics.  In addition to presenting a 

metric for ligand-nanocrystal coupling, the local nature of the high-frequency vibrational probes 

can also permit the extraction of site-specific information.  Mixed-frequency, time-resolved 

techniques, like transient-IR (tIR) spectroscopy, are particularly well suited to probe ligand-

exciton coupling dynamics.  Work by Guyot-Sionnest and co-workers used IR spectroscopy to 

probe the influence of surface ligands in the intraband relaxation of CdSe nanocrystals.30-32  In 

addition, tIR measurements on PbS colloidal QDs were used to distinguish intraband vs trap-to-

band transitions based on the presence of ligand carboxylate stretching vibrational signatures.33-34  

Time-dependent tIR measurements have also been applied to probe the kinetics of photoinduced 
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electron transfer at nanoparticle-ligand interfaces.35-36  These studies show the usefulness and 

potential of tIR as a way of observing excitonic behavior in QD systems.  

In this study, we show that high-frequency carbonyl vibrations of the carboxylate ligand 

anchor give a unique response to exciton generation using tIR spectroscopy of an oleate-capped 

1.3 nm InP nanocluster solution.  Time-dependent density functional theory (TDDFT) calculations 

are used to help interpret the tIR data.  At two picoseconds (ps) following exciton generation via 

UV photoexcitation, the changes in the carboxylate anchoring ligand vibrational spectrum show 

that one of the four ligand binding conformations, the syn-syn bridging motif (see Fig. 1a), 

 
Figure 1. a) Schematic of different binding conformations found in metal-carboxylate anchors. b) 
UV/Vis of 0.8 mM 1.3 nm InP nanoclusters dissolved in tetrachloroethylene.  The UV pump 
spectrum (blue area) overlaps with both the HOMO-1 to LUMO (blue line) and HOMO to LUMO 
(red line) of the nanocluster absorption spectrum (black line). c) FTIR spectrum of the nanocluster 
in the carboxylate region.  The IR probe spectrum (red area) covers both the symmetric and 
asymmetric stretching vibrations (black line). The asymmetric region was fit to four peaks, 
associated with the different binding conformations present: chelating (green line), syn-anti 
bridging (orange line), syn-syn bridging (red line), and monodentate (gray line).  The sum of the 
fits is shown as a purple line. 



6 
 

provides the strongest tIR response.  The variation in the tIR signal response among the different 

carboxylate binding motifs reflects the spatial extent of the exciton at the nanocrystal surface.  The 

observed high-frequency vibrational coupling to the exciton suggests that these vibrations need to 

be taken into account when considering non-radiative relaxation pathways in InP nanocrystals. 

Previous characterization of the 1.3 nm InP nanocluster crystal structure capped with 

phenylacetate ligands showed that the carboxylate ligands bound to the surface indium atoms can 

assume various conformations (Figure 1a) with the following distribution: 24% chelating, 66% 

syn-anti bridging, 10% syn-syn bridging, and 0% in the monodentate form.37  Analogous 

information can be extracted from the nanocluster solution by measuring and fitting the FTIR 

spectrum of the carboxylate stretching region of oleate-capped clusters (Figure 1c, black line).  

Since carboxylates contain large dipole moments, their vibrational stretching energies are subject 

to influences from environmental and structural changes.  Several groups have taken advantage of 

the carboxylate’s structural sensitivity to relate the measured stretching frequencies in the FTIR to 

that of specific binding conformations present in the system.38-43  Work by Zelenak et al. used 

zinc(II) metal carboxylates to study the correlation of the O-C-O stretching frequencies with that 

of the carboxylate binding conformations.43  Combining X-ray crystallography with FTIR data, 

they were able to assign the frequency separation between the carboxylate asymmetric and 

symmetric stretches, ∆ω =ωas (COO-) – ωs (COO-), and establish the following relationship: 

Δωchelating <Δω(syn-anti) bridging <Δω(syn-syn) bridging <Δωmonodentate.  Using this relationship, the FTIR 

spectral features in the carboxylate anchoring region of the InP nanoclusters can be assigned to 

specific binding conformations.  The two main features centered around 1425 cm-1 and 1540 cm-1 

are the O-C-O symmetric (1400 - 1475 cm-1) and asymmetric (1500 – 1600 cm-1) stretches, 

respectively.  The substructure within each peak relates to the various binding conformations 
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assumed by the ligands.  Unfortunately, deconvolution and assignment of the substructure in the 

symmetric stretching region proves difficult due to the additional presence of oleate CH2 bending 

modes.  For this reason, only the asymmetric stretching modes will be discussed here.  

The line shape of the asymmetric carboxylate stretching mode was fit to four Gaussians 

corresponding to the four possible ligand conformations and the results are summarized in Table 

1.  Using the best fit results for the FTIR spectrum, we calculate a binding conformation 

distribution of 22±2 %, 45±2 %, 16±2 %, and 17±1 % for the chelating, syn-anti bridging, syn-syn 

bridging, and monodentate modes, respectively.  This distribution deviates from the previously 

measured crystal structure, where the ligand binding confirmations were found to be 24% 

chelating, 66% syn-anti bridging, 10% syn-syn bridging, and 0% in the monodentate form.37  The 

more evenly distributed ratio of binding motifs found by fitting the FTIR spectrum is most likely 

TABLE I. Best-fit results obtained from fitting the asymmetric carboxylate stretching line shape 
in the ground state (GS) FTIR and photoexcited (ES) tIR spectrum to a sum of four Gaussian 
line shapes. 

Conformation Frequency, 
ωc (cm-1) 

Spectral 
Width, 
FWHM 
(cm-1) 

Molar 
Absorption 

Coefficient in 
the Ground 

State, 
εGS (M-1 cm-1) 

Molar 
Absorption 

Coefficient in 
the 

Photoexcited 
State, εES (M-1 

cm-1) 

Change in the IR 
Transition Dipole 

Moment Upon 
Photoexcitation 
(% difference)* 

Chelating 1513±1 23.6±1.4 659±39 635±55 4±8 

Syn-Anti 
Bridging 1535±1 27±2 583±34 467±26 20±5 

Syn-Syn Bridging 1553±0 16.6±0.4 934±55 396±93 57±10 

Monodentate 1571±0 23.6±0.5 659±39 445±47 32±7 

*The measured % change is defined as (εGS – εES)/ εGS.  Excited state values were extracted 
assuming 30.4 % of the molecules were excited. 
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a result of surface reorganization in solution, which is consistent with the dynamic nature of 

nanoparticle surfaces.44  

Figure 1b (black line) shows the optical absorption spectrum for the InP nanocluster. 

Previous work by Gary et al. observed that the optical absorption spectrum is a convolution of two 

electronic transitions.37  A higher energy transition centered at 386 nm (Figure 1b, blue line) is 

assigned to the HOMO-1 to LUMO transition and a lower-lying transition centered at 418 nm 

(Figure 1b, red line) is assigned to the HOMO to LUMO transition.  In order to carry out the tIR 

measurements, we excited the nanocluster, dissolved in tetrachloroethylene (TCE), with a laser 

pulse centered around 400 nm (Figure 1b, blue area). Under this condition, there is a probability 

of generating an exciton originating from either the HOMO-1 to LUMO or HOMO to LUMO. 

Because of this, we do not distinguish contributions between the two possible excitons.  The IR 

probe has a bandwidth of 300 cm-1 covering both the symmetric and asymmetric carboxylate 

stretching region (Figure 1c, red area).   

Shown in Figure 2a is the resulting tIR differential absorption spectrum, collected at a two 

ps time delay to avoid solvent signal contributions and convolution with the instrument response.  

A detailed description of the experimental methods is provided in the Supplementary Information.  

The tIR spectrum in Figure 2a is representative of the vibrational response measured throughout 

the timescale of our measurements (Fig. S1).  The measured t-IR signal intensity is linear with 

respect to the intensity of the pump-pulse (Fig. S6) and its lineshape is notably different from that 

obtained in a temperature-dependent FTIR study (Fig. S7).   

Focusing on the line shape of the tIR signal shown in Figure 2a, we see a well-defined 

negative feature centered around 1552 cm-1 along with a broader positive feature around 1425 cm-

1.  Instinctively, one would assign the loss in absorption around 1552 cm-1 to a ground state bleach 
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(GSB) and the new absorptive feature around 1425 cm-1 to an excited state absorption (ESA).  For 

this to be the case, the exciton would have to induce a frequency shift in the carboxylate stretching 

vibrations of more than 100 cm-1.  Such a large shift seems unreasonable considering that typical 

carboxylate frequency shifts of similar ligand-nanoparticle systems are between 5 to 20 cm-1, 

following photoinduced electronic structural rearrangement (e.g., electron transfer).35, 45  

Additionally, this frequency shift argument would require the tIR signal in the region between 

1350 and 1450 cm-1 to result from a convolution of the symmetric stretch GSB and the asymmetric 

stretch ESA, which is also unlikely given that the measured signal in the asymmetric and 

symmetric stretching region are of similar intensities.  

Instead, we suggest that the observed signal intensity arises from changes in the dipole 

moment magnitudes of the carboxylate stretches for each bonding configuration (Figure 2b) 

following photoexcitation.  Under this description, the observed loss in absorption at 1552 cm-1 

 

Figure 2. a) The tIR spectrum of InP nanoclusters dissolved in TCE taken at 2 ps following 
photoexcitation with the 400 nm pump pulse (black line).  The fit of the carboxylate asymmetric 
stretching frequency at 2 ps following photoexcitation (purple line), consisting of a convolution 
of the four anchoring types’ difference signal (colored lines), reports a reduction in the vibrational 
extinction coefficient upon exciton generation.  Example tIR signals resulting from b) a change in 
extinction coefficient and c) change in central frequency following photoexcitation. 
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relates to an overall reduction in the extinction coefficient of the asymmetric carboxylate stretch 

and the increase in absorption around 1425 cm-1 relates to an overall increase in the symmetric 

stretch extinction coefficient following photoexcitation.  Following this description, the tIR 

difference spectrum was fit to the difference between the FTIR spectrum and the photoexcited 

nanocluster IR spectrum.  This was done by constraining the central frequency and FWHM to the 

extracted values from the FTIR spectrum and floating the extinction coefficients of the 

photoexcited nanocluster IR spectrum.  An additional 0.304 scalar (see SI) was applied to account 

for the fraction of nanoclusters excited (fits shown in Figure 2a, colored lines). The changes were 

found to be 4±8 %, 20±5 %, 57±10 %, and 32±7 % for the chelating, syn-anti bridging, syn-syn 

bridging, and monodentate dipoles respectively.  The predominant feature, the syn-syn bridging 

conformation, experiences the largest change in extinction coefficient reducing by ~ 57 % in the 

presence of the exciton (Table 1).  It is worth noting that these assignments hold true under the 

condition that all binding motifs have an equal probability of being excited.   

In order to assign spectral features and interpret the nature of the tIR signal, the calculated 

IR spectra for both ground state and the first excited state optimized acetate-capped InP cluster 

geometries were calculated using TDDFT.  Our calculations do not include vibronic coupling, 

which would require the use ab initio non adiabatic molecular dynamics methods that are currently 

computationally infeasible on a system of this size.  It should be noted, however, that TDDFT is 

able to quantitatively predict the excited state intensities in the Franck-Condon region of the 

potential, which plays an important role in the generation of the ultrafast tIR response.  We note 

that the acetate derivatives were used to save computational time.  As it has been noted in previous 

investigations, differences in chain length do little to alter the geometric and electronic trends of 

the systems given that the In-O bond energy is mostly unchanged.44, 46  Given this, it is expected 
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that the trends gleaned from the investigation of the vibrational spectra calculated with acetyl 

ligands will be applicable to systems with longer ligand chains.  Additionally, due to the lack of 

π-bonding in alkanes, the chain length is expected to have little effect on the electronic structure 

of the nanocrystal.  The calculated spectra were examined by identifying the modes contributing 

to the peaks in the ~1400-1600 cm-1 carboxylate stretching region.  As can be seen by the shaded 

green area in Figure 3a (top panel), there are two areas of interest in this energy region.  

Examination of the modes within these regions confirms that the ~1425 cm-1 feature results from 

the symmetric O-C-O carboxylate stretching of the acetate ligands capping the InP core, while the 

~1552 cm-1 feature consists of asymmetric O-C-O stretching. Further examination of these two 

features also confirms that the trends in the carboxylate stretching frequencies described above 

match with the four ligand binding conformations in these oleate-capped InP (See Fig. S2 in the 

SI).  The photoexcited nanocluster IR difference spectrum (Figure 3a, bottom panel) has a 

 

Figure 3. a) Harmonic frequency calculations of InP-Acetate nanoclusters using TDDFT.  The 
calculate ground state IR spectrum is shown in the top panel, where the calculated difference 
spectrum between the excited state and ground state is shown in the bottom panel.  All calculated 
frequencies are broadened by Gaussian line shapes with a 22 cm-1 FWHM.  See main text and SI 
for more details.  b) Visualization of the shift in the electron density following HOMO to LUMO 
excitation in the InP nanocluster.  The calculated natural transition orbital (NTO) shows electron 
density shifting away from the hole (teal volume) and localizes it to the excited electron (purple 
volume). 
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noticeable decrease of intensity in the asymmetric stretching frequency region, which is consistent 

with the experimentally observed tIR measurements at a two ps time delay.  The calculations also 

show a slight increase in the intensity of the symmetric stretching frequency for the photoexcited 

InP nanocluster, which is less consistent with the experimentally observed results.  This 

discrepancy could arise from the difference in chain length of the ligands used in the experiment 

and the calculations because the calculated vibrational spectrum does not include the same extent 

of alkyl CH2 bending modes that convolute the carboxylate symmetric stretching region.   

There are two main factors that affect the calculated photoexcited nanocluster IR spectrum. 

The optimized excited state geometry undergoes a slight lattice distortion when compared to the 

ground state.47  The lattice shift is seen in the calculations as an expansion along the southern 

hemisphere of the nanocluster, most likely due to the shift in electron density during exciton 

formation (Figure 3b).  A portion of the anchoring ligands undergo small energy shifts while others 

are unchanged upon photoexcitation.  The more significant effect seen in the calculations is a 

change in the dipole moment corresponding to the vibrational modes.  This is most evident for the 

syn-syn bridging normal mode found at 1556 cm-1, whose intensity decreases by 52 % upon 

photoexcitation without any significant change in its vibrational frequency (Fig. S4 in the SI).  The 

ligand's vibrational response can be understood by the spatial relationship between the surface-

bound ligands and the facial atoms affected by the shift in electron density due to exciton 

generation.  The InP nanocluster exciton gives rise to a hole localized along the longitudinal axis 

(Figure 3b, teal volume), and redistributes the electron towards the northern hemisphere of the 

nanocluster (Figure 3b, purple volume).  Highlighting the ligands with 1556 cm-1 asymmetric 

stretching normal modes within the calculated InP frame shows that a large quantity of these 

ligands reside along the axis of electron density shift (Fig. S3 in the SI).  These observations 
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provide strong evidence that the electron density shift in relation to the vibrational coordinate 

induces a change in the transition dipole moment of the vibrational mode with minimal effect to 

the vibrational force constant. 

While low-frequency phonon modes have proven important to the energy relaxation 

dynamics in many nanomaterials, our study highlights how the high-frequency vibrational modes 

of the ligand can also be relevant for the electronic properties of the nanomaterial.  In the InP 

nanocluster, the coupling between the high-frequency carboxylate stretching vibrations of the 

ligand anchoring group and the excitonic transition could lead to the nonradiative dissipation of 

excess electronic energy.  The results reported here are generally in agreement with recent surface 

sensitive sum-frequency generation experiments on ligand-nanoparticle assemblies where exciton-

vibrational dipolar interactions were found to be a significant interaction mechanism between the 

ligand and the nanoparticle.48  Our work demonstrates how the high-frequency vibrational features 

from the ligand provide a spectroscopic handle that can be sensitive to binding conformation 

distributions, changes to the nanoparticle surface environment, and spatially localized fluctuations 

in electron density due to exciton generation.  The tIR measurements on oleate-capped InP 

nanoclusters reported here show an immediate carboxylate vibrational signal upon photoexcitation 

with a distinct, conformation-dependent intensity profile.  The experimental spectra indicate that 

ligand vibrational transition dipole moments can change dramatically (greater than 50 % for the 

syn-syn conformation) due to the proximity between the ligand anchoring group and the exciton.  

While couplings between an exciton and ligand vibrations are widely reported, an in-depth 

experimental characterization of the exciton’s perturbation to the ligand has not been reported until 

now – that is, in terms of distinguishing between frequency shifting and changes in dipole 

magnitude of the ligand vibration. 
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The tIR results reported here demonstrate the potential for new avenues of characterizing 

nanoparticles through direct observation of the ligand’s vibrational response to exciton dynamics 

as a function of core-shell architectures and ligand functionalization.  We note that in larger 

nanoparticles, there will be increased complexity in signal interpretation because the tIR response 

of the anchoring groups and other reporters could be convoluted with the intraband transitions.33 

Since the ligand vibrations are sensitive to shifts in electron density, tIR spectroscopy allows for 

the possibility to track localized carrier states through time-dependent variations in the ligand 

anchoring modes of the photoexcited nanocrystal.  Additional vibrational tags placed along ligand 

scaffolding would further permit the ability to track local exciton dynamics beyond the 

nanoparticle surface.  This work lays the foundation for future transient IR experiments designed 

to provide a deeper understanding of the ligand-nanocrystal interactions.  
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METHODS. 

Calculation of Fraction of Nanoclusters Excited.  The fraction (fr) of nanoparticles that were 

excited by the electric field: 𝑓𝑓𝑓𝑓 =  # 𝑜𝑜𝑜𝑜 𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
# 𝑜𝑜𝑜𝑜 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑖𝑖𝑖𝑖 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑝𝑝𝑝𝑝𝑝𝑝ℎ

, where the # of photons absorbed 

is found from the UV/ Vis Spectrum and laser power at the sample. The # of nanoparticles in beam 

path is found from the concentration and volume, where the sample volume illuminated by the 

laser is considered to be cylindrical.  Using the UV/Vis spectrum and pulse energy it was found 

that the sample absorbs 2.74×1012 photons per pulse dividing this value by the number of 

nanoclusters in the beam path, 9.01×1012, results in .3037 of the total nanoclusters being excited.  

Nanocluster Synthesis. The InP clusters with oleate carboxylate ligands were synthesized using 

the reported literature procedure, substituting oleic acid (OA) for myristic acid.2 The procedure 

has been expanded into a video report of the synthesis.3  

Linear Spectra. All linear spectra were collected using 0.8 mmol concentration of InP-OA 

dissolved in tetrachloroethylene (TCE) in a static sample cell with a 300 μm Teflon spacer between 
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two CaF2 windows. The sample’s exposure to air was limited to the time it took to transfer the 

solution into the static sample cell. FTIR data was collected on a Jasco FT/IR-4100A with a 1 cm-

1 resolution.  A solvent subtraction was performed due to TCE containing spectral content between 

1350 and 1650 cm-1. UV/Vis data was collected in Jasco V-630 with a resolution of 2 nm. 

Transient IR (tIR) Measurements. The tIR spectra were collected under the same concentration 

and solvent as the linear measurements.  In order to prevent photo damage, the sample was flowed 

using a closed system peristaltic pump and the sample cell raster-scanned every 10 seconds. The 

tIR setup was performed using a Mai Tai oscillator and Spitfire Pro XP regenerative amplifier 

(Spectra Physics, output specs: 1 kHz rep rate, 35 fs pulse duration, 4.0 W output centered at 800 

nm) resulting in an IRF of  ̴200 fs.  Before generating the 400 nm pump beam with a 200 µm BBO, 

the 800 nm fundamental was broadened via three 140µm (BK7) windows.4  The second harmonic 

of this broadened fundamental allowed for a broadened tunable pump beam between 385 nm to 

415 nm, with a 17 nm (FWHM) bandwidth. The mid-IR probe pulse was generated using an in-

house built optical parametric amplifier and difference frequency generation setup. The pump and 

probe intensities were 1.5 µJ/pulse and 500 nJ/pulse, respectively; pump fluency measurements 

showed the signal dependence was within the linear regime.  After passing through the sample, 

the probe was dispersed in a monochromator and onto a 64 pixel multichannel MCT array (Infrared 

Associates).  

DFT Calculations. In order to help assign spectral features and interpret the nature of the tIR 

signal, DFT calculations were carried out using the Gaussian5 electronic structure software 

package revision B01, on an InP nanocluster capped with acetate ligands. The cluster was 

constructed using the X-ray crystallographic data for a phenylacetate-capped nanocluster6 and 

replacing the phenyl groups with acetyl groups for reduced computational requirements.  The 
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ground state geometry optimization was performed using the HSE06 7-9 range-separated hybrid 

DFT functional with the LANL2DZ basis set, with associated basis functions,10-11 the geometry 

was considered optimized when both the forces (maximum and RMS force, 0.00050 and 0.000300 

Hartree/Bohr, respectively) and displacement (maximum and RMS displacement, 0.0018 and 

0.0012 Bohr, respectively) for all atoms were below the threshold criteria.  This level of theory 

has been shown to be accurate for the description of the electronic structure and UV/Vis spectra 

of pure and doped InP nanoclusters.6, 12-13  TDDFT within the Linear-Response framework 14-16 

was then used to calculate the energy gradient of the first excited state, and the structure optimized 

under this excitation.  The Hessian for both the optimized ground and excited state geometries 

were then calculated to obtain the IR spectra, with the change in transmittance being plotted by 

subtracting the two spectra as a function of frequency vs intensity (see manuscript Figure 3a). A 

linear shift of 55 cm-1 was applied to overlap the calculated spectrum with the experimentally 

obtained FTIR 
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FIGURES. 

 

 

 

 

Figure S1 – tIR time dynamics. a) The tIR measurements show a strong negative feature 
centered around 1550 cm-1 and a positive feature centered at 1425 cm-1. The features persists 
throughout the timescale of the measurements. b) Comparing the frequency slices at 500 fs, 2 ps, 
45 ps, and 115 ps shows no noticeable spectral evolution. 

 

Figure S2 – peak assignment of calculated normal modes showing that the splitting follows the 
trends experimentally measured by Zeleňák, V. et al. 1 
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Figure S4 – Scatter plot of calculated vibrational frequencies vs. angle between the vibrational 
dipole moment and electronic dipole moment for the excited electronic transition. Cool (blue) 
colors are associated with weak transition dipole moments and the warmer colors (red) reflect 
the stronger transition dipole moments; the circles (stars) denote ground (excited) state 
vibrational modes. Focusing on the dipole centered at 1556 cm-1, highlighted by the inset square, 
there is a clear decrease in intensity where the initial dipole moment drops from 1,567 KM/Mole 
(red dot) to 750 KM/Mole (teal star) with no appreciable shift in frequency or angle. 

 

Figure S3 – concentration of normal mode oscillators (blue highlights) related to the vibrational 
mode centered at 1556 cm-1. 
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Figure S6 – Pump fluence measurements done for InP-OA centered on the peak at 1550 cm-1 
showing a linear trend between .25 and 2.25 mW pump power. 

 

Figure S5- The extracted IR spectrum (red line) in the presence of the exciton overlaid 
with the FTIR spectrum (blue Line) in the asymmetric carbonyl stretch region, and its 
associated error (red area). An overall reduction in the extinction coefficients are seen, 
where there is a significant reduction in the 1550 cm-1 region.  
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