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Abstract 

Knowledge of the vibrational structure of a semiconductor is essential for explaining its optical 

and electronic properties and enabling optimized materials selection for optoelectronic devices. 

However, measurement of the vibrational density of states of nanomaterials is challenging. 

Here, using the example of colloidal nanocrystals (quantum dots) we show that the vibrational 

density of states of nanomaterials can be accurately and efficiently measured with inelastic x-

ray scattering (IXS). Using IXS, we report the first experimental measurements of the 

vibrational density of states for lead sulfide nanocrystals with different halide-ion terminations 

and for CsPbBr3 perovskite nanocrystals. IXS findings are supported with ab-initio molecular 

dynamics simulations, which provide insight into the origin of the measured vibrational 

structure and the effect of nanocrystal surface. Our findings highlight the advantages of IXS 

compared to other methods for measuring the vibrational density of states of nanocrystals such 

as inelastic neutron scattering and Raman scattering. 
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To fully explain the optical and electronic properties of a semiconductor, it is critical to 

understand its nuclear dynamics, such as the vibrational density of states ( ),g E  particularly 

for nanomaterials, where charge carrier energy gain/loss,1–7 and transport8–12, are driven by 

coupling of the nuclear and electronic degrees of freedom. In colloidally synthesized 

nanocrystals (NCs), coupling to vibrations can explain experimentally observed large thermal 

broadening,13,14 fast carrier cooling,4 and efficient non-radiative recombination across large 

energy gaps.3  

In this work, we show that synchrotron-based inelastic x-ray scattering (IXS) is a powerful way 

to determine the vibrational structure of nanomaterials, using NCs as an exemplary material. 

We begin with an overview of methods for measuring vibrational structure and then validate 

the IXS approach and highlight its specific advantages by assessing PbS NCs terminated with 

ethanedithiol ligands, which have previously been extensively studied experimentally using 

INS3 and Raman techniques as well as ab-initio molecular dynamics (AIMD) calculations.4 

We then use IXS to perform the first experimental measurements of the vibrational density of 

states of PbS NCs with different halide terminations and of CsPbBr3 perovskite NCs.  

In general, vibrational structure of a material can be investigated experimentally by using a 

charge neutral probe (i.e., photons or neutrons) to modify the vibrational state of the sample 

through scattering or absorption. Absorption based techniques such as infrared spectroscopy 

and time resolved pump-probe techniques (e.g. time resolved pump-probe x-ray diffraction,15,16 

three-pulse photon echo peak shift17) can be used to investigate specific vibrations (1) through  

direct excitation of the vibration through absorption, or (2) indirect excitation of vibrations 

through their coupling to an optically driven electronic transition.16  

Inelastic scattering of photons or neutrons (Figure 1a) has the advantage over absorption-based 

optical approaches in that the scattering intensity is independent of the dipole moment of the 

vibration and depends in a relatively straightforward manner on the scattering cross-section of 
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the photons or neutrons with the atoms involved in the vibrations, facilitating the 

characterization of the entire vibrational spectrum.18–20   

Both inelastic neutron scattering (INS)21 and Raman spectroscopy22–28 have been used in the 

characterization of the vibrational structure of nanomaterials, however both have intrinsic 

limitations. 

Inelastic neutron scattering (INS) is often considered the gold standard for probing nuclear 

dynamics of crystals because neutrons have kinetic energies and momentum comparable to 

those of typical lattice vibrations18 and has been previously used to study NCs solids,3 INS for 

NC-based thin films is challenging. First, due to the relatively low flux of neutrons from state 

of the art neutron sources, large sample sizes are needed to obtain reasonable scattering 

statistics with INS. For example, ~10 g of PbS NCs were needed per sample to achieve 

reasonable statistics within a 10h measurement window,3 which necessitates scale up of both 

the synthesis29 and ligand exchange procedure. Second, extraction of the phonon density of 

state with INS is challenging if hydrogen (H) atoms are present in the sample. H has an 

extremely large neutron scattering cross-section (~15 times that of Pb),30 such that the signal 

from H can dominate the inelastic scattering spectrum. This can be particularly problematic for 

colloidal nanamaterials, where long hydrocarbon-chain ligands are typically employed in the 

synthesis to maintain colloidal stability.31,32 This can be circumvented by deuteration of the 

hydrocarbons used in the NC synthesis and ligand exchange; however, this involves additional 

steps and can be costly given the large sample sizes required for INS.  Because the NC surface 

is highly sensitive to the chemical processing performed on the NCs (either the removal of 

excess NC ligands following their growth33,34 or in the processing into densely packed thin 

films for inclusion in opto-electronic devices35), the vibrational structure of the NCs should 

ideally be measured on samples treated identically to those used in the application of interest, 

and not on a sample highly adapted for INS.  
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Raman scattering can be applied to thin films. However, in nanomaterials, where the vibrations 

cannot be assumed to be strictly localized between two neighboring nuclei, the vibrational 

density of states extracted from inelastic scattering, g(E,q), will depend on the momentum 

transfer, .i fq p p  −  In a Raman experiment, the wavelength of the incident photon is much 

larger than the unit-cell length of the constituent material (e.g., aPbS = 5.936Å). The maximum 

measureable momentum transfer is thus much smaller than reciprocal lattice vectors of the 

materials, and integration over all possible momentum transfers will sample g(E,q) only about 

q=0 in reciprocal space36,37 

Synchrotron IXS alleviates (1) the sample preparation problems of INS and (2) the q=0 

limitation of Raman Scattering. First, high brilliance and flux of focused light sources enables 

the investigation of much smaller sample sizes, and, in the grazing incidence geometry, thin 

films on the order of tens of nanometers in thickness are sufficient (Figure 1b). In fact, all thin 

films studied here are made identically to those in actual NC-based devices (in the case of PbS 

NCs),38,39 or spin-cast on substrates directly from their synthesized solution (in the case 

CsPbBr3 perovskite NCs). Furthermore, the presence of hydrocarbons is not a problem in IXS, 

where the atomic form factor for inelastic scattering from H is very low, and increases 

proportionally to the atomic number.40  Second, synchrotron light sources provide energies in 

the 10s of keV, whose wavelengths are significantly smaller than that of typical lattice vectors. 

Measurement of the inelastic scattering can thus be carried out for large momentum transfers, 

greatly enhancing the sampling of g(E,q) over the entire Brillouin zone, as depicted in Figure 

1c. For a polycrystalline materials, in the limit of very large q, the extracted g(E) integrated 

over an infinitesimal q-range will approach the true g(E), i.e. uniform sampling of g(E,q) over 

the entire Brillouin zone.20 
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We first validate the IXS approach for NCs and confirm its advantages by studying PbS NCs 

terminated with ethanedithiol ligands. As described in the Methods, thin films of r = 1.6 nm 

PbS NCs approximately 40nm-thick are prepared on single crystal [110] diamond substrates 

(see Supporting Information SI-1 for the absorption spectrum and measured diffraction 

pattern of the PbS NCs and the ligand exchanged thin films). Diamond is used since its 

vibrations occur at high energies, minimizing overlap of the vibrational density of states with 

the sample. The NC thin-film preparation approach is identical to that used in the fabrication 

of PbS NC-based solar cells.38,39  

IXS measurements are performed at the ID28 beamline at European Synchrotron Radiation 

Facility (ESRF). A schematic of the setup is depicted in Figure 1d. The (999) backscattering 

reflections of Si is employed to achieve a monochromatic beam at a wavelength of 0.6968 Å 

(17.8 keV). This beam impinges on the sample, scatters, and is analyzed by a second Si 

monochromator. By varying the relative temperatures of the two Si monochromators to tune 

their lattice constants and thereby the resulting diffraction angles, one can scan over photon-

to-sample energy transfers. Here, measurements are performed in ~0.7 meV steps 

(corresponding to ~16 mK temperature steps for the Si analyzer), over the range of energies 

from Emin = -16 meV (~22.5 K) to Emax = 35 meV (~21.3 K), where the negative energy transfer 

indicates energy loss from the sample. This results in a measured scattering spectra 

( ) ( ) ( ),M IN ELI E I E I E= +  a sum of both inelastic and elastic scattering, from which we can 

compute the atomic form factor weighted ( ),g E  i.e. )(g E . )(g E  can be related to the partial 

density of states for each element in the material, gx(E),  

 ( )
( )( )
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where X  runs over all of the elements in the material, and ( )Xf q  is the atomic form factor of 

element X , which will depend on the momentum transfer q  and is a measure of the scattering 

probability of the x-rays from element X.40  The procedure to compute ( )g E  from the measured 

scattering ( )MI E  is based on the method outlined by Bosak and Krisch,20 and Kohn and 

Chumakov41 and is described briefly in the methods and in detail in Supporting Information, 

SI-2.   

The )(Eg calculated from IXS measurements for the PbS/EDT thin film is shown along with 

the INS data taken on the PbS powder in Figure 2a. Before comparing the IXS and INS data, 

we consider whether our IXS measurements are as expected. The g(E) calculated using AIMD 

for a r = 1.2 nm PbS/thiol NC is shown in Figure 2b.  From the partial gX(E), we can calculate 

the atomic form factor weighted g(E), ( ),g E  using the atomic form factors, ( ) ,Xf q  at the 

measured momentum transfer for the different elements in the PbS/EDT NC-solid (

( ) 52.8,  ( ) 7.6,  ( ) 1.9,  ( ) 1.Pb S C Hf q f q f q f q= = =  ) following Cromer and Mann.40 Since the 

relative scattering from Pb is much higher than the other elements in the sample, )(g E  will 

take the form of the partial density of states of Pb, ( ),Pbg E  which is consistent with the 

experimental finding in Figure 2a. 

Comparing the )(g E  measured from IXS and the g(E) measured by INS,3 we note relatively 

good agreement. We fit a sum of two Gaussians to low energy (0 meV 8 meV  ) portion 

of the vibrational spectra (dashed lines in Figure 2a) and extract a transverse acoustic (TA) 

peaks from IXS at 6.32±0.35 meV and from INS at 6.00±0.22 meV, which are within error of 

one another and agreement with the value expected from DFT calculations for bulk PbS (6.05 

meV) in Figure 2c. The Guassian peaked at lower energy (~3.4 meV) in both the IXS and INS 

data indicate the presence of a set of low frequency modes, which can be attributed to vibrations 
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of low-coordinated Pb atoms on the facets and edges of the NCs.3,4 However, there are fewer 

low frequency modes in the IXS results compared to INS. We attribute this to the differences 

in the sample preparation between the two techniques. While the thin-film samples for IXS are 

prepared using a standardized procedure employed for device fabrication, due to the large 

quantity of material needed for INS, the INS samples were prepared using an aggressive, 

solution based ligand exchange procedure,3 which likely leaves a more disordered surface. We 

rule out that the difference in the number of low frequency modes is due to different 

morphologies of NC packing in the thin film sample for IXS and the powder sample for INS. 

The density of inter-NC vibrations (3ρNCs-6, where ρNCs is the number of NCs per unit volume) 

will be orders of magnitude smaller than the density of vibrations on the individual NCs 

(ρNCs(3NA-6), where NA is the number of atoms per NC). The measured g(E) are therefore 

representative of the g(E) for the individual NCs.  As low frequency vibrations can efficiently 

drive multi-phonon mediated electronic transitions in nanomaterials at temperatures 

T>>ћω,4,8,94 such as non-radiative recombination and charge carrier trapping,3,42 our 

comparison of the results from INS to IXS highlights the importance of careful chemical 

processing of the surface of nanomaterials. 

Having validated the IXS technique on NC solids and highlighted it benefits relative to other 

methods for measuring vibrational structure, we extend our measurement to other nanocrystal 

samples. We perform measurements on three PbS/X NC thin films with different halide (X = 

Cl, Br, I) surface terminations, prepared from the same NC synthesis as the PbS/EDT thin film. 

We plot the extracted )(Eg from IXS (Figure 3a) along with the )(Eg  computed from AIMD4 

(Figure 3b).  

From AIMD, we do not expect that the different terminations will change the number of the 

low frequency modes coming from the surface. Indeed, fitting a sum of two Gaussians to low 

energy ( 0meV 8meV  ) portions of the )(g E to all four surface terminations reveals 
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values that are within error of one another (Supporting Information SI-3). However, AIMD 

calculations predict that the mean squared thermal displacement, 2 ,u  of the surface Pb atoms 

2 ,Pbu  will decrease with increasing electronegativity of surface terminating atom due to 

stronger Pb-X bonds: at 100K the values predicted by AIMD are 
100

2
K

Pbu = 0.029 Å2 for EDT, 

0.025 Å2 for I, 0.024 Å2 for Br, and 0.023 Å2 for Cl, compared to 
100

22 0.018
B

K

Pb ulk
u =  .4 As 

described in Supporting Information SI-4, the 2

Pbu  for Pb atoms can be approximated from 

the IXS results to give 
300

2
K

Pbu = 0.049 ± 0.005 Å2 for EDT, 0.043  ± 0.002 Å2 for I, 0.043 ± 

0.001 Å2 for Br, and 0.039 ± 0.003 Å2 for Cl, in agreement with the trend predicted by the 

calculations.  

Finally, we perform IXS measurements on thin films of cesium lead halide NCs,43–45 which of 

are of rapidly growing interest due to their performance in LEDs,46 solar cells47 and 

photodetectors.48 The absorption spectrum and measured diffraction pattern of the CsPbBr3 

NCs are given in Supporting Information SI-1. The extracted )(Eg  is shown in Figure 4a. 

Within the error-bars, we can identify four peaks centered at 4.40±0.35 meV, 8.00 ±0.35 meV, 

11.60±0.35 meV, and 19.40±0.35 meV, the highest of which is expected to come from 

deformations of the halide octahedron about the lead atoms.49 For comparison, we perform 

AIMD simulations on bulk CsPbBr3, in the orthorhombic phase, which is expected at 300K for 

bulk50 as well as as synthesized NCs51,52 (calculations for the cubic phase are provided in the 

Supporting Information SI-5). In Figure 4b and c, we plot the computed )( ,g E  along with 

the partial )(Xg E for each element, and the computed )(g E  using atomic factors 

( ) 32.1,  ( ) 52.8,  ( ) 20.2.Cs Pb Brf q f q f q= = =  Comparing the simulated and measured )(g E  from 

IXS, we see that the main features are common in both, noting that the peaks in the AIMD are 

shifted to lower energies due to the overestimation of the lattice constants in the calculations, 
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[ , , ]AIMDa b c = [8.559, 11.9, 8.269] Å, compared to experiment [ , , ]a b c =[8.255, 11.759, 8.207] 

Å.53  

In the )(g E  measured on CsPbBr3 NCs, we note the presence of vibrations between 12 meV 

and 19 meV, which are not found in the )(g E  calculated for bulk CsPbBr3. To find an 

explanation for these vibrations, we perform AIMD simulations on a ~(3.6 nm)3 CsPbBr3 NC. 

As shown in the Supporting Information SI-5, while the partial density of states of the center 

part of the NC resembles that of bulk CsPbBr3, the partial density of states of the outer three 

atomic layers of the NCs (dashed line in Figure 4c) shows a pronounced feature ~14-15 meV. 

We therefore conclude that vibrations in our IXS measurement in that energy range come from 

localized vibrations on the surface of the NCs.  Understanding how these surface modes can 

couple to charge carriers can for example yield insight into the atomistic origins of 

recombination at surfaces in perovskite solar cells and how to best passivate these modes.  

The vibrational density of states, g(E), of nanomaterials will, in general, differ from their bulk 

counterparts as a result of their large surface to volume ratio. Characterization of g(E) 

constitutes the first step in moving towards a comprehensive understanding of phonon 

mediated transitions and thermodynamic properties in these materials. We have demonstrated 

that IXS can be used to efficiently probe the g(E) of NCs in thin films. This technique should 

be readily applicable to other NC systems (e.g., metal NCs, core-shell NCs) and higher-

dimensional nanomaterials (e.g., nanowires, nanoplatelets). 

Methods 

PbS Synthesis and Film Preparation 

Colloidal oleic-acid capped r = 1.6nm  PbS NCs (3.2 nm in diameter) are synthesized using the 

hot injection method, where size-tunability is primarily achieved via different concentrations 

of oleic acid in the starting solution.54 The NCs are washed 3 times in mixtures of ethanol and 

methanol, and finally suspended in hexane at a concentration of 40 mg/mL. Ligand exchange 
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solutions consist of 3 mM EDT and anhydrous acetonitrile, and 30 mM of tetrabutylammonium 

iodide/ bromide/chloride in anhydrous methanol. Films are prepared in air via two identical 

and sequential spin casting steps. For both steps, ~20 μL of the NC solution was dropped on 

the substrate followed by a 1500 rpm spin for 60s. ~50 μL of the ligand exchange solution is 

then dropped on the film, and after a 30 s wait, is spun off at 1500 rpm. Three rinsing steps are 

then repeated, flooding the film with the ligand exchange solvent and spinning dry at 1500 

rpm. 

CsPbBr3 Synthesis and Film Preparation 

Colloidal CsPbBr3 NCs (~9.3 nm in diameter) are synthesized accordingly to previous 

publication.55 Briefly, freshly-made warm Cs-oleate solution is injected into the reaction 

mixture, containing PbBr2 and a mixture of coordinating solvents, at 180°C. The reaction flask 

is rapidly cooled to room temperature in 5 s using ice-water bath. The NCs are purified by 

centrifuging of crude solution. NC precipitates are re-dissolved in hexane and precipitated with 

acetone, after what NCs are suspended in hexane at a concentration of 40 mg/mL. CsPbBr3 

NCs are covered with a mixture of oleic acid and oleylamine ligands. Films are prepared in air 

via spinning of CsPbBr3 NC solution, similarly to as described above. No ligand-exchange is 

performed for CsPbBr3 NCs. The as prepared films are then stores in inert nitrogen atmosphere. 

IXS Measurement 

Measurements are performed in vacuum in the grazing incident geometry, with the samples 

aligned with respect to the incoming x-rays such that the incident angle are just above the 

critical angle of the thin films, determined by maximizing the measured elastic scattering 

intensity of the strongest Bragg peak for each sample. Once alignment of the sample is 

complete, we measure the XRD spectrum of the thin film to determine a suitable range of 2θ 

to position the analyzers for the measurement of scattering, such that we measure at large q 

(large 2θ) and that the range contains no Bragg diffraction peak. For the PbS NCs, we find a 
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suitable 2θ range between the [400] and [331] Bragg peaks of PbS centered at 2θ = 34.4o, 

corresponding to a q~53nm-1 >> π/aPbS ~ 5.3nm-1. 

To calculate the density of state from the scattering signal, the elastic scattering intensity, 

( ),ELI E  must be rationally subtracted from the measured scattering intensity, ( ),MI E  to obtain 

the inelastic scattering ( ).INI E  ( )g E  can then be computed from ( )INI E  upon deconvolution 

with the instrument response function, and normalization according to the thermal occupation 

factor of the vibrations. The ID28 beamline utilizes an array of 9 independent 

analyzers/detectors, spanning a 2θ=~6o range. The analysis procedure outlined in SI-2 is 

followed for each of the 9 analyzers independently, and for the final ( )g E  we average over all 

analyzers, keeping only the data on the energy gain side. 

AIMD of CsPbBr3 

AIMD of PbS NCs and the phonon density of states for bulk PbS for reference are taken from 

Yazdani et al.4 while all calculations for CsPbBr3 are new to this work. Geometry and cell 

optimization, and ab initio molecular dynamics (AIMD) are performed within the CP2K 

program suite utilizing the quickstep module.56 Calculations are carried out using a dual basis 

of localized Gaussians and plane-waves,57 with a 300Ry plane-wave cutoff. As in previous 

calculations for CsPbBr3 NCs,51 Double-Zeta-Valence-Polarization (DZVP),58 Goedecker–

Teter–Hutter pseudopotentials59 for core electrons, and the Perdew–Burke–Ernzerhof (PBE) 

exchange correlation functional are used for all calculations. Convergence to 10-8 in Self-

Consistent Field calculations is always enforced.  

For CsPbBr3 bulk calculations, the orthorhombic and cubic unit cell lattice constants were 

determined through cell optimization, resulting in the lattice constants: a = 8.559Å, b = 11.9Å, 

c = 8.269Å, and a = b = c = 6.019Å respectively. Geometry optimization is performed with the 

Quickstep module utilizing a Broyden–Fletcher–Goldfarb–Shannon (BFGS) optimizer. A 



 13 

maximum force of 24 meVÅ-1 is used as convergence criteria. All atoms in all systems are 

relaxed. 

The CsPbBr3 NC was constructed according the atomistic model of ten Brinck et al.51 where 

the cubic NC with sides = ~3.6nm in length were cut from bulk CsPbBr3. Cs atoms were 

randomly removed from the surface of the NC to maintain charge compensation (i.e. NCs + 

2NPb – NBr = 0), starting with the corners of the NC.  

AIMD is performed in the canonical ensemble, using a CSVR thermostat, which achieves 

canonical sampling through velocity rescaling.60 For thermalization and calibration of the 

thermostat, the time constant of the thermostat is set to 15 fs and the AIMD is run for 1ps. The 

time constant is then set to 1ps for the remainder of the AIMD. All AIMD steps prior to 

equilibration of the total energy and temperature (typically ~2ps) are discarded. AIMD time 

steps of 10fs are used. The partial and total density of phonon states were obtained from the 

power spectrum of the mass-weighted position correlation function, ri(t):61 

  2 2

( ) ( ) , ( ) ( ) ,i ii i

i

g E M E r t g E g E= =F   2 

where Mi is the mass of atom i, and ri(t) are the time dependent coordinates extracted from 

AIMD. 

Note, that the discrepancy between the position of the TA peak from AIMD with that calculated 

from bulk PbS and extracted from IXS and INS stems from the overestimation of the Pb-S 

bond lengths in the AIMD calculations (6.0115Å), compared to its experimentally measured 

value (5.936Å), as further discussed in the Supporting Information (SI-3). 
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detailed description of IXS analysis, phonon density of states of bulk PbS and CsPbBr3, PbS 

and CsPbBr3 NCs, and mean square thermal displacements for PbS NCs are given. 
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Figure 1: a) Schematic of energy and momentum conservation in an inelastic scattering 

process, where a probe of initial energy and momentum, ( ), ,i iE p   scatters from the sample 

to a final energy and momentum state, ( ), ,f fE p   transferring an energy, ,sf i fE E E = −  

and momentum, ,sf i fp q p p  = −  to the sample.  (b) Photographs of lead-sulfide 

nanocrystals (PbS NC) samples for both INS3 and IXS. Samples for INS were comprised of 

~9g of NC-solid powder, the IXS samples consist of ~50nm of PbS NC-solid thin films on 

5mmx5mm diamond substrates. c) Illustration of the dependence of the sampling of ( )g E  of 

a polycrystalline material from IXS as a function of q, using a 2D hexagonal lattice as an 

example. d) Schematic of the setup of the IXS experiment at the ID28 beamline at ESRF. 
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Figure 2: a) Top: the atomic structure factor weighted density of vibrational states, ( ),g E  

extracted from IXS for the PbS/EDT NC-solid thin film. Error-bars represented by shading. 

Bottom: the density of vibrational states, ( ),g E  measured via INS on PbS/EDT NC-solid 

powder. The low energy portion of are fit with a sum of two Gaussians (black dashed lines). b) 

Top: AIMD calculated ( )g E  for bulk PbS and a 1.2nm PbS/methanethiol together with  partial 

( )g E  for each element. Bottom: The expected ( ),g E  computed from the AIMD results using 

eq. 1, is also shown. c) DFT calculated ( )g E  for bulk PbS. INS results and bulk PbS DFT 

calculations were adapted from Bozyigit et. al.3, while the AIMD results were adapted from 

Yazdani et. al.4 
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Figure 3: a) The atomic structure factor weighted density of vibrational states, ( ),g E  

measured for IXS for the PbS NC-solid thin films with EDT, Cl, Br, and I surface termination 

(curves offset for clarity). Error-bars represented by shading. b) ( )g E  expected for each 

computed from the AIMD results of 1.2nm NCs4. The atomistic models for the AIMD 

calculations and a depiction of the surface termination on the [111] facets of the NCs is shown 

on the right. 
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Figure 4: c) Vibrational density of states of CsPbBr3 NCs, ( ),g E  measured from IXS.  Errors 

bars are represented by the shading. b) The phonon density of states for bulk CsPbBr3 (black 

line), in the orthorhombic phase, computed by AIMD along with the partial density of states 

for each atom type (Cs = blue dashed; Pb = brown; Br = red dotted). The inset shows the 

CsPbBr3 crystal structure.  c) The atomic structure factor weighted density of vibrational states, 

( ),g E  for bulk CsPbBr3 (brown solid line) computed from the AIMD results to reflect what 

we expect from IXS measurements. The dashed line shows the atomic structure factor weighted 

partial density of vibrational states for the outer 3 atomic layers of a CsPbBr3 NC (see 

Supporting Information SI-5)  

 


