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ABSTRACT 

This paper reports an attempt to structurally characterize isolated ligand-protected gold nanoclusters 

by means of gas-phase InfraRed Multiple Photon Dissociation (IRMPD) spectroscopy compared to 

quantum chemistry Density Functional Theory (DFT) calculations. The mass-selected kilodalton 

nanocluster complexes consist of ten or eleven gold atoms that are bound to glutathione or 

phosphine ligands and are produced by ElectroSpray Ionization (ESI) in the form of multiply charged 

anions or cations. This study allows us to build some methodology benchmarks for species that are 

large for IRMPD experiments and that are used for biochemistry applications. These gas-phase 

results on isolated ions are compared to condensed phase data from Fourier-Transform InfraRed 

(FTIR) spectroscopy and to theoretical IR spectra that are calculated with two different 

functional/basis sets, namely B3LYP/6-31G* and M06L/LanL2DZ, at the scaled static harmonic 

level. Although theoretical calculations are able to reproduce well the experimental IR spectra, the 

size of such species and the presence of many possible interactions between ligands make difficult 

a precise assignment among the many possible molecular arrangements. 
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I. INTRODUCTION 

Ultra-small nanoparticles (USNP) and especially metal-ligand nanoclusters (NC) have recently 

attracted more and more attention, due to their optical [1] [2] [3] and magnetic [4] properties coupled 

to their potential for targeting and vectorization of bioactive molecules within living cells [5] and their 

potential applications in biochemistry and biomedicine [6] [7]. In the condensed phase, their 

structural characterization is often performed with X-ray crystallography or NMR and IR methods, 

but data interpretations are sometimes difficult because of the relative lack of control of their 

stoichiometry and of their ligand coverage [8]. This is especially true for USNP (< 1 nm in diameter) 

whose chemical/physical properties are very dependent on their size and structure and are 

intermediate between those of the isolated metal and ligand and those of the liganded nanoparticles 

in solution [9] [10]. 

Following a bottom-up approach, we recently published a study of isolated metal-ligand clusters, 

containing few metal atoms (Al, Fe, Ru) and few anionic acetylacetonate ligands [Nieuwjaer], which 

allowed for a benchmarking of InfraRed Multiple Photon Dissociation (IRMPD) spectroscopy 

combined with Density Functional Theory (DFT) quantum chemistry calculations useful for their 

structural characterization in the gas phase. In the present study, we want to explore to which extent 

the same methodology can be applied to larger metal-ligand NC with the same success. 

Within the last 30 years, IRMPD spectroscopy has been recognized as a powerful tool for structural 

characterization of very diverse isolated and mass-selected molecular ions, including metal-ligand 

ionic complexes [11] [12] [13] [14], through the comparison of infrared signatures with model spectra 

that are predicted by DFT calculations [15]. Up to now, these IR spectroscopy studies have been 

however restricted to complexes containing only one or two metal ions and few ligands or to larger 

but neat metal clusters [16] [17] [18] [19]. Previous experimental data on large kilodalton mass-

selected and isolated species have nevertheless been successfully reported on model biomolecules 

such as small proteins or DNA strands [20] [21] in the IR domain, or on ligand-protected metal NC 

[22] [23] [24] [25] [26] [27] in the electronic domain and mainly through photoelectron spectroscopy 

of anions or photodissociation spectroscopy of cations.   

In the present studies, we investigated two different NC that we were able to obtain in the form of 

the most possible monodisperse solution that can be used in an ElectroSpray Ionisation (ESI) 

source. The first one is a commercial so-called 0.8 nm undecagold (Nanoprobes Inc.), which is based 



on a small gold core with covalently bound triphenylphosphine (TPP) ligands. The second sample 

was synthesized by the Dugourd’s group (ILM, Lyon, France) who has already published UV-Vis 

spectroscopy experiments and calculations on these complexes [26] [28]: it consists of chained 

covalent gold-glutathione complexes containing mainly ten gold atoms. Both complexes have a 

molecular weight of the order of 5 kDa, they can be dissolved in water or methanol and, after ESI 

and transfer into high vacuum, they both produce high intensities of moderately multiply charged 

ions so that they can be mass-selected at moderate m/z ratio (1-2 k). 

To our knowledge, the present study constitutes the first one dealing with such isolated mass-

selected large metal-ligand nanoclusters using combined IRMPD/DFT techniques for testing their 

ability to provide structural information. 

 

II. EXPERIMENTAL AND THEORETICAL METHODS 

Gold-TPP complexes were purchased from a commercial supplier (Nanoprobes Inc., Yaphank, NY, 

USA) in the form of a 50 nmol lyophilized non-functionalized 0.8 nm undecagold and used without 

further purification in a pure methanol solution at a concentration of 5-10 µM. For complementary 

experiments on gold-TPP complexes, we also bought Au(TPP)Cl (chloro(triphenylphosphine)gold(I) 

from Sigma-Aldrich) that we used without further purification in a methanol-acetonitrile solution 

(80/20) at a 10-4 M concentration. Gold-glutathione complexes were kindly provided by F. Bertorelle 

in the form of several mg of lyophilized synthesized samples [26] that were used without purification 

in 1:1 water/methanol solutions at concentrations of about 10 µM. 

IRMPD experiments have been performed at the Free Electron Laser (FEL) of the Centre Laser 

Infrarouge d’Orsay (CLIO) facility, in the 400−1900 cm−1 spectral range. Ion spectra were recorded 

using the available 7 T hybrid FT-ICR mass spectrometer (APEX-Qe, Bruker) coupled to the CLIO 

beamline. This experimental setup has been previously described in detail [29] [30]. Briefly, ions in 

solution were delivered in the gas-phase by an ESI source with a typical extraction voltage of 4 kV 

and a desolvation temperature of 150-200 °C. Ions were accumulated, pre-mass-selected and 

thermalized in a quadrupole−hexapole interface and then pulse extracted towards the FT-ICR cell 

maintained under high vacuum (<10-9 mbar) and at room temperature. Mass-selected ions were 

stored and irradiated for 1 to 4 seconds with the IR-FEL light in the frequency range of interest. 



Depending on the electron energy used (35-45 MeV) for covering a given spectral range, the average 

CLIO laser power is recorded and lies in between 0.5 and 1.2 W. Its frequency resolution (about 1% 

or better) and the spectral rotational broadening of ions at 300 K lead to an overall linewidth of at 

least 10 cm-1. In order to increase fragmentation for these large and strongly bound systems, ions 

were often also submitted to an auxiliary broad-band CO2 laser (Universal Laser System, 10 W, cw 

operation centered at = 10.6 µm) synchronized with the CLIO laser, at the beginning of the 

irradiation period and for times varying between few and few tens of milliseconds. The CO2 laser 

pulse length was adjusted for each experiment to avoid photo-dissociation of the molecule by the 

CO2 laser alone while promoting the fragmentation in the presence of the CLIO laser. 

When the IR-FEL light is in resonance with an active vibrational mode of the mass-selected ions, 

multiple and sequential events of photon absorption and intramolecular vibrational energy 

redistribution (IVR) ultimately activate their fragmentation. At each spectral wavenumber, typically 

five mass spectra were recorded and accumulated in order to compare the integrated number of 

precursor (Ip) and fragment (If) ions as a function of the laser frequency. An IRMPD spectrum is then 

obtained by recording the photofragmentation yield, R = −ln[Ip/(Ip+ΣIf)] as a function of the 

wavenumber of the IR-FEL radiation. 

We also performed Fourrier-Transform IR (FTIR) experiments on the two samples, either in 

transmission in a KBr matrix or by using the Attenuated Total Reflectance (ATR) technique on a thin 

film of solid sample evaporated on a ZnSe window, with a Thermo Scientific Nicolet 380 FTIR 

spectrometer. 

All static DFT calculations have been performed using the Gaussian 16 package [31] on the HPC 

platform MAGI of Université Sorbonne Paris Nord. Full geometry optimizations of the all-atoms NC 

have been performed starting from trial structures inspired either by that of the crystalline phase of 

a similar species for gold-TPP NCs [32] or by previous calculations [26] for gold-glutathione NC. We 

used the two functionals/basis sets B3LYP/6-31G* [33] [34] [35], which has proved to be accurate in 

our previous studies [36], and M06L/LanL2DZ [37] [38], which is supposed to give better energies 

for metal chemistry [39]. For Au atoms, we used in both cases the LanL2DZ [38] basis set which 

includes an effective core potential for heavy transition metals. Since no spin effect is expected with 

gold atoms, all calculations were performed at the singlet spin state. For understanding where the 



charges are localized in the studied ions, we also performed natural population analysis (NPA) at 

equilibrium geometries. 

Frequency analysis was performed at the same levels of theory in the harmonic approximation. The 

size of these species requires too much memory to use the default analytical method for computing 

the second derivatives of the energy, so that we had to use a numerical method (freq=numer option, 

as implemented in Gaussian 16), which makes frequency calculations very time-consuming (about 

3 months on one node of our platform). For comparison with the measured IRMPD spectra, the 

calculated vibrational line spectra were scaled by the same factor that we adopted in our previous 

study on metal-Acac complexes [36], i.e. 0.975 for both B3LYP and M06L calculations, and they 

were convoluted with a Lorentzian line shape function with a full width at half-maximum (FWHM) 

value of 10 cm−1. 

 

III. RESULTS AND DISCUSSION 

A. MASS SPECTROMETRY 

The formula of the purchased non-functionalized 0.8 nm undecagold gold-TPP NC is given to be of 

the neutral form Au11(PAr3)7Cl3 where Ar = C6H4-CO-NH-CH3, i.e. a N-methylphenylamide radical. 

From this formula, it was expected that intact tri-cations [Au11(PAr3)7]3+ could be observed after 

removal of the three chlorine anions during electrospraying. Tri-cations where indeed observed but 

the main mass peak corresponds to complexes with one more TPP ligand, i.e. 8 (PAr3) ligands 

instead of 7. However, the seven-ligands complexes can be obtained as the main mass peak by 

Collision Induced Dissociation (CID) in the quadrupole−hexapole interface of the FT-ICR 

spectrometer as displayed in Figure 1 (see also Fig. 1 of the supplementary material for a full mass 

spectrum). We note that the presence of both 7- and 8-TPP ligands protecting undecagold NC has 

already been shown and discussed in the context of ligand exchange pathways to form larger gold 

NC [32]. The exact composition of ions produced here by ESI is however not straightforward, since 

the observed masses are higher than those expected from the given formula (5198.721 for 

Au11(PAr3)7). As displayed in figure 1, the isotopic distribution can be well fitted with a formula 

containing seven more methyl groups (seven CH3 replacing seven H atoms, i.e. +98 Da). Since this 

number of extra methyl groups is equal to the number of ligands, we assume that they are localized 



on each ligand (one N-ethylphenylamide radical replacing one N-methylphenylamide radical over 

the three of the ligand), i.e. PAr3CH2 instead of PAr3.  

 

 

FIG. 1: Experimental (black) and 
fitted (red) typical mass spectrum; 
the fitted curve corresponds to the 
formula with seven extra methyl 
groups, one on each TPP ligands; 
the fitting curve has been calculated 
with the indicated FWHM linewidth 
and shift that are typical of the FT-
ICR-MS instrument. 

 

 

 

 

From this comparison, it appears that both absolute positions and relative intensities match well with 

the assigned formula and the fact that one extra methyl group is present on each ligand may be due 

to the fact that these undecagold NC are also available with a functionalization that is added on one 

of the phenylamide group via a short alkane linker on the nitrogen atom. In the following, IR spectra 

calculations are thus performed on the assumed detected species at m/z 1766 with the formula 

[Au11(PAr3CH2)7]3+. 

When using the Au(TPP)Cl solution, we observe mainly a mass peak at m/z 721, corresponding to 

[Au(TPP)2]+1. Under CID, we observe a signal at m/z 477 together with a much smaller signal at m/z 

459 that correspond to the hydrated or not mono-ligand [Au(TPP)1(H2O)1 or 0]+1 cation, with no doubt 

on these compositions. When a droplet of acetic acid is added to the solution, only the m/z 263 

cation, which corresponds to protonated TPP, is observed. 

The formula of the gold-glutathione NC has been established in previous studies using the same 

samples [26]: they correspond to a molecular chain of Au-SG, containing mainly ten of such motifs 

and appearing in the form of deprotonated anions after ESI. We here obtain the same mass spectra 

(see Fig. 2 of the supplementary material) and the isotopic profile at m/z 1256 fits the formula 

[(AuSG)10-4H+]4- corresponding to the monoisotopic mass of 5026.40 Da.  



Note that we also observed some triply deprotonated anions and some 11- and 12-gold-glutathione 

complexes, which are less intense and have not been studied here, together with smaller ions as 

[AuSG-H+]1-, which has been studied as a reference complex, and [(AuSG)4-2H+]2-. 

 

B. IRMPD SPECTROSCOPY AND COMPARISON WITH FTIR AND CALCULATED SPECTRA 

1. Gold-triphenylphosphine complexes 

Figure 2 displays a comparison between the FTIR spectrum of the solid neutral sample in KBr pellets 

and the IRMPD spectrum obtained on undecagold triply charged cations with seven ligands at m/z 

1766. Experimental data display two or three runs that have been performed in different frequency 

ranges and at different IR-FEL laser powers and CO2 laser pre-heating durations so that relative 

band intensities may not reflect exactly the IR absorption yields. 

 

 

FIG. 2: Experimental IRMPD spectra 
for the 7-ligands tri-cations (red and 
magenta) at m/z 1766, compared to 
the FTIR spectrum (green) obtained 
in KBr pellets on the solid neutral 
sample [Au11(PAr3)7Cl3]. 

 

 

 

 

Obviously, these two spectra share several common features but also some differences. The main 

peak of the FTIR spectrum at 1640 cm-1, which can be attributed to an Amide I band, is also present 

in the IRMPD spectrum at blue-shifted frequencies. The second peak at 1555 cm-1, which can be 

attributed to Amide II bands, also appears in IRMPD experiments but as a double-band shape. 

Following on the red side, a band in between 1300 and 1450 cm-1 also appears in the IRMPD 

spectrum but with different shapes and a more pronounced peak at 1290-1310 cm-1. The next wide 

band, in between 1000 and 1200 cm-1, also appears in IRMPD results but it is weak and in a range 

where signals are fluctuating. Those two last wide bands should correspond to Amide III bands that 



are known to be very sensitive to the changes in molecular conformations. They thus may appear 

differently in the solid state and in the isolated cations. 

Interestingly, in the low-frequency range, the three peaks observed in the IRMPD spectrum at 560, 

720 and 855 cm-1 are also present in the FTIR spectrum at almost the same frequencies but on a 

large background band whose origin is discussed later. The corresponding vibrational modes 

probably involve combinations between amide and TPP motions that are more internal and thus less 

sensitive to the outer interactions of the nanocluster. 

FIG. 3: Comparison between experimental IRMPD spectrum (red and magenta) at m/z 1766 (as in figure 2) 
and calculated spectra for the 7-ligands ions at the M06L/LanL2DZ (blue) and the B3LYP/6-31G* (black) levels. 
On the right, equilibrium structures are shown as obtained with M06L/LanL2DZ calculations (top), with a 
preserved gold core, and with B3LYP/6-31G* calculations (bottom), with a less compact gold core (see text for 
discussion). 

Figure 3 displays the comparison between experimental data for 7-ligands undecagold ions at m/z 

1766 and calculated spectra for [Au11(PAr3CH2)7]3+
 at the M06L/LanL2DZ and B3LYP/6-31G* levels. 

Calculated IR intensities being quite different from one method to another, they are here scaled so 

that the main peak intensity is normalized to about 1 in this figure. 

Calculated spectra fairly well reproduce the overall experimental spectrum but there are also several 

discrepancies. In the range of the Amide bands (1200-1650 cm-1), the first two peaks are well 



reproduced by B3LYP calculations while the first one is found much too red-shifted by M06L 

calculations. As it will be confirmed below, the M06L method seems to fail to reproduce this Amide I 

vibrational mode. The third pronounced peak at 1310 cm-1 is also well reproduced in both 

calculations but these also show up a high peak at 1380-1410 cm-1 that is blue-shifted and wider in 

the experimental spectrum. In the intermediate range, calculations display three peaks at 1000, 1090 

and 1150 cm-1 but, as already outlined above, experimental data are not so clear in this frequency 

range. In the low-frequency part, the three clear experimental peaks are quite well reproduced and 

M06L seems to perform better than B3LYP in this spectral region. However, the calculated spectra 

are richer in this range, in particular with an additional peak at 600-620 cm-1, which mainly 

corresponds to an out-of-plane bending of NH bonds but which does not appear on the right-hand 

side of the experimental peak at 560 cm-1. Note that all three low-frequency modes at 560, 720 and 

855 cm-1 correspond in our calculations also to the out-of-plane bending of NH but couples to 

different out-of-plane bending modes of the aromatic hydrogens. We note that the calculated spectra 

in this region also display a large background which results from the overlap of many different other 

modes and which is in qualitative agreement with the FTIR spectrum (Fig. 2). 

Figure 3 also displays the equilibrium structures for this triply charged cation as they result from 

M06L or B3LYP calculations, starting from the structure derived from the experimental crystal 

structure of the same NC but with pure TPP ligands, as previously reported [McKenzie, 

CCDC1026811]. With M06L, the optimization did not perturb too much the gold core that remains 

with one central gold atom bound to the ten other peripheral gold atoms. The resulting structure then 

remains rather compact (top right of Fig. 3), with distances between the central atom and all the 

other ten gold atoms that lie in the range 2.705 to 2.805 Å, i.e. only slightly larger than in the crystal 

structure where these distances are 2.71 Å for gold atoms also bound to chloride and 2.61 Å for 

those bound to TPP. On the other hand, upon optimization with B3LYP functional, the gold core 

starts to fall apart and to form more planar rather than spherical structures (bottom right of Fig. 3), 

with some Au-Au bonds broken and with a more extended geometry, i.e. a maximal distance 

between two opposite gold atoms of almost 8 Å, and ligands that are also slightly less packed. In 

both cases, there are many H-bond, electrostatic and Van der Waals interactions between the seven 

ligands, especially those involving the amide groups, but the Au-P distances are almost the same, 



i.e. 2.45 ± 0.025 Å (2.28 Å in the crystal). Concerning the partial charges on gold atoms, they differ 

quite a lot between the two calculations and structures: in M06L calculations, the central gold atom 

holds a negative charge close to -2 (-1.84) while the other gold atoms bound to it possess various 

small positive charges in between +0.06 and +0.23, whatever they are also bound to a phosphorus 

ligand or not ; in B3LYP calculations, with no more central gold atom, the partial charges vary in 

between -0.70 and +0.17, without a clear qualitative explanation. In both cases, the total charge held 

by the undecagold NC is slightly negative, i.e. -0.51 for M06L and -0.11 for B3LYP calculations, and 

all phosphorus atoms hold a charge that is close to +1 (+0.94 ± 0.03 for M06L and +1.03 ± 0.02 for 

B3LYP calculations), so that the total ion charge +3 mainly comes from the seven ligands. 

Figure 4 displays complementary experiments and calculations performed on the [Au(TPP)2]+1 mono-

cation (m/z 721) which is made of only one gold atom bound to two non-functionalized 

triphenylphosphine ligands.  

 

 

FIG. 4: Comparison between 

experimental IRMPD spectrum 

(red) and theoretical spectra, 

calculated at the M06L/LanL2DZ 

(blue) and B3LYP/6-31G*levels 

(black), for [Au(TPP)2]+1 ions. 

 

 

 

 

For this simple ion whose equilibrium structure is straightforward (see Fig. 3 in the supplementary 

material), both B3LYP and M06L calculations much better fit with the experimental spectrum, with 

all experimental features that are well reproduced both in frequency and in intensity. The only two 

noticeable discrepancies are for the experimental peak at 1480 cm-1 (aromatic C-C stretches), which 

is calculated too blue-shifted by 5-10 cm-1 and of too low intensity, and for the peak at 1120 cm-1 (P-

C stretch coupled to aromatic C-H in-plane bend) which is too red-shifted by 25-30 cm-1 in both 

calculations. This last discrepancy is not so surprising since it has been already observed in several 

previous comparisons involving stretching modes with phosphorus atoms for which the usual scaling 

factors often lead to too low calculated frequencies [40] [41]. In this simple test case there are much 



less IR-active groups, particularly no more amide groups, but the remaining absorption features, 

which here correspond to internal phenyl and phenyl-phosphorus stretching modes, are well 

reproduced and this validates the present calculation methodology and the use of a unique scaling 

factor of 0.975 for both B3LYP and M06L methods. The Au-P distances are equal and a little shorter 

than in the NC, i.e. 2.39 Å instead of 2.45 Å. For the unique gold atom, the NPA charge is now 

slightly positive, close to +0.2, while the two phosphorus atoms still hold a partial charge close to +1 

and each phenyl group are slightly negative (about -0.2), so that the total charge +1 is again mainly 

brought by the two TPP ligands, more or less equally (+0.4 each). 

 

2. Gold-glutathione cyclic complexes 

Figure 5 displays a comparison between IRMPD spectra obtained with [(AuSG)10-4H]4- anions at m/z 

1257 and the FTIR spectrum on the solid neutral sample in KBr pellets. In contrast with the previous 

TPP NC, these two spectra are quite different. In the Amide range, the FTIR spectrum displays three 

main bands: a double one at 1640 and 1600 cm-1, and two others at 1525 and 1400 cm-1. The IRMPD 

spectrum displays also three wide bands: Amide I at 1725-1765 cm-1, i.e. more than 100 cm-1 above 

the FTIR doublet; Amide II at 1480-1590 cm-1, which corresponds quite well to the second FTIR band 

but which is even wider; Amide III band at 1315-1405 cm-1, which is red-shifted by about 40 cm-1 as 

compared to the third FTIR band and also wider than it. Moreover, the IRMPD spectrum possesses 

another wide and intense band at 1115-1205 cm-1, in a region where the FTIR spectrum is flat, and 

below 1000 cm-1 there are only very weak and wide features that do not correspond between the 

two spectra. We also performed other FTIR experiments, using the Attenuated Total Reflectance 

(ATR) technique on a thin film of solid sample deposited on a ZnSe window, but with similar spectral 

features. It is thus likely that the structure of the deprotonated ions studied by IRMPD is quite different 

from the structure of the solid samples. In particular, the position of the Amide I band is a clear 

indication that there are much more free amide groups that are not H-bonded in the isolated 

deprotonated anion as compared to the solid state.  

Figure 5 also displays calculated spectra resulting from static harmonic calculations at the 

M06L/LanL2DZ and B3LYP/6-31G* levels, using the same scaling factor of 0.975 in both cases. This 

has been performed for two different ring isomers, as displayed in figure 6: the crown structure and 



the catenane one, which were identified in previous studies for similar species [26] [42]. As it can be 

seen from this comparison, B3LYP calculated spectra (solid lines) reproduce quite well the overall 

experimental spectrum, while M06L calculations (dotted lines) again fail to reproduce correctly the 

experimental Amide I band (1665 cm-1 instead of 1745 cm-1) and also miss the experimental band 

at 1115-1205 cm-1. The differences between the calculated spectra corresponding to the two 

structures considered here are not so large and sometimes lower than those with experimental data, 

but a couple of characteristic features tend to favor the crown geometry against the catenane one: 

(i) the specific experimental band at 1115-1205 cm-1 appears only in the B3LYP calculated spectrum 

of the crown isomer at the right frequency but with a lower intensity; (ii) the experimental Amide II 

band (1480-1590 cm-1) is much better reproduced in intensity in the crown B3LYP spectrum. This 

tentative assignment is however in contradiction with the large free-energy difference of +230 kJ/mol 

that is calculated between the crown and catenane anion structures and it is also in contradiction 

with the conclusions of the previous studies on the same species in the X and UV range [26]. 

 

 

 

 

FIG. 5: Experimental IRMPD spectra for 
[(AuSG)10-4H+]4- (red and magenta curves) at 
m/z 1257, compared to FTIR spectrum (green 
curves) obtained in KBr pellets and with the 
ATR technique on the solid neutral samples. 
These experimental data are also compared to 
calculated spectra of the crown (blue) and 
catenane (black) conformations that are 
performed at the B3LYP/6-31G* (solid) and 
M06L/LanL2DZ (short dot) levels. As in the 
previous NC, this last method fails to reproduce 
the Amide I band at 1745 cm-1. See text for 
discussion. 

 

 

 

 

 



The two calculated equilibrium structures are displayed on figure 6, as it results from B3LYP/6-31G* 

calculations and similar equilibrium structures are found from M06L/LanL2DZ calculations, although 

the crown structure is more flattened in that case. Note that, unlike previous calculations [26] [42], 

we here took into account all atoms of the glutathione ligands and thus the full interactions between 

them. However, this total system is too large (almost 400 atoms) to perform a conformational search 

of the ligand structures and we here present the equilibrium structures that we obtained from one 

specific geometry optimization for each isomer. In both structures, all the Au-S distances are similar 

but they are slightly shorter and less dispersed in the crown isomer, i.e. in between 2.38 and 2.40 Å, 

as compared to the catenane isomer, where they lie in between 2.37 and 2.47 Å. This is probably 

due to the fact that there are less constraints on the Au-S chain in the crown isomer that is less 

compact as compared to the catenane isomer. The same remark holds for the NPA charges, which 

are much more homogeneous in the crown isomer, i.e. +0.25/+0.29 for Au and -0.23/-0.31 for S 

atoms, as compared to the catenane isomer, i.e. -0.02/+0.29 for Au and -0.15/-0.25 for S atoms. The 

total charge held by the ten Au-S chain bonds is almost zero (+0.06) for the crown isomer and slightly 

negative (-0.3) for the catenane isomer, so that the overall -4 charge comes mainly from the four 

deprotonated glutathione ligands in both cases.  

FIG. 6: Theoretical crown (left) and catenane (right) equilibrium structures of [(AuSG)10-4H]4- isolated ions after 
full optimization and frequency calculations at the B3LYP/6-31G* level. In both cases, Au-S bonds form a 
unique (crown) or a double (catenane) cyclic chain on which the ten glutathione ligands are bound via their 
sulfur atom, with four of them that are deprotonated on their carboxyl side. See text for discussion. 
 

Figure 7 displays experiments and calculations performed on the mono-anion at m/z 502 which is 

made of only one gold atom bound to one deprotonated glutathione ligand, i.e. [AuSG-H+]-1. The 

experimental spectrum displays wide bands, most probably due to the fact that this ion results mainly 

from remaining CID processes in our source. Moreover, even for this simple ion, there are many 



possible equilibrium conformations depending on the position of the flexible tripeptide ligand. We 

thus first performed a conformational search, using the PM6 force field [43], by varying all possible 

dihedral angles and then grouping conformers by energy and structure families. From a selection of 

about 20 low-energy families, we then performed full optimizations using DFT, followed by scaled 

harmonic frequency calculations. Figure 7 displays the structures and the spectra, which have here 

been convoluted by a larger Lorentzian profile of 20 cm-1 FWHM in order to take into account the hot 

character of this ion, for the three lowest conformers calculated at the B3LYP/6-31G* level. 

Calculated spectra at the M06L/LanL2DZ level (see Fig. 4 of the supplementary material) more 

poorly fit with the experimental data, especially again in the Amide region.  

FIG. 7: Comparison between experimental IRMPD spectrum (red and magenta) and theoretical scaled 
harmonic spectra calculated at the B3LYP/6-31G* level, for the three low-energy conformers of [AuSG-H+]-1 
ions, which are displayed on the right (C14: bottom and black; C8: middle and blue; C19: top and grey). 

 



B3LYP calculations of the three low-energy conformers reproduce quite well the experimental 

spectrum but still with some discrepancies: the stretching modes of the carboxyl, the two amide 

groups and the carboxylate C=O are calculated respectively at 1805, 1730 and 1620-1650 cm-1 but 

this last mode does not appear in the experimental spectrum in this frequency range. The following 

bands, calculated at 1515 cm-1 and in the range 1250-1380 cm-1 and which respectively correspond 

to the in-plane N-H bend and the in-plane O-H bend, reproduce quite well the corresponding 

experimental bands, particularly for the C14 and C8 isomers. The last experimental very wide band, 

in between 810 and 930 cm-1, is also better fitted by the calculated C8 isomer spectrum and 

corresponds to the OH and NH2 wagging modes. Since the C8 and C14 isomers are calculated at 

similar free energies (G = 4.4 kJ/mol), it is likely that they both contribute to the experimental 

spectrum, while the following C19 isomer (and higher-energy ones) may not contribute too much to 

the present experimental spectrum 

The Au-S distance is calculated to be 2.33 Å, i.e. again slightly shorter than in the NC, and there is 

also a strong interaction between the gold atom and one of the two carboxylate oxygen atoms with 

distances Au-O- that are calculated to be only 2.16-2.17 Å in C8 and C14 isomers and 2.145 Å in 

C19 isomer. The other carboxylate oxygen is involved either in a N-H…O hydrogen bond (1.88 Å in 

C14 and 1.99 Å in C8) and/or in a O-H…O hydrogen bond (1.755 Å in C8 and 1.78 Å in C19).  For 

the unique gold atom, the NPA charge is close to +0.2 for both isomers, i.e. close to the charge of 

gold atoms in the previous crown isomer, while the sulfur atom still holds a partial charge close to -

0.3, slightly more negative than in the NC, and the total charge -1 is again mainly held by the 

deprotonated carboxylate group of the ligand (-0.65). 

  



IV. CONCLUSION 

In this work, we have performed IRMPD spectroscopy experiments on covalently bound metal-ligand 

nanoclusters containing eleven or ten gold atoms and seven to ten ligands. We have shown that the 

IRMPD spectral signatures of their vibrational modes, in the frequency range in between 500 and 

1800 cm-1, are compatible with both the FTIR spectra of their neutral solid samples and with the 

IRMPD spectra of the isolated building blocks that constitute them. However, IRMPD spectra 

potentially display more structural information on mass-selected and isolated species, especially 

about the ligands configurations in the corresponding fingerprint region. In further experiments, it 

would be interesting to test whether even lower-frequency spectra (200-500 cm-1) could be obtained 

and would display signatures that would be more characteristic of metal-ligand and metal-metal 

interactions too. 

Concerning IR spectra simulations, these quite large species (total of about 400 atoms) are at the 

edge of the possibility of high-precision IR spectra simulations with quantum chemistry methods. In 

this work, we used DFT calculations with two different functionals (B3LYP, M06L), rather small basis 

sets (6-31G* and LanL2DZ), scaled harmonic frequency calculations and one process of 

optimization but numerical frequency calculations already last about three months using ten 

processors on a single node. B3LYP/6-31G* calculations lead to simulated spectra that fit well with 

experimental data, although the discrepancies are of the same order as the spectral differences 

between possible isomers so that the assignment of one specific conformation to the experimental 

data is only tentative. Concerning M06L/LanL2DZ calculations, we confirmed that this method fails 

to lead to a correct spectral description of the C=O and Amide region, in the range 1400-1800 cm-1. 

This conclusion is in good agreement with previous compared theoretical studies with similar 

functionals and species [15] [44]. 

Further experimental and theoretical work would be necessary in order to further test the above 

provisional conclusions and to progress towards a better description of nanoclusters that are relevant 

to characterize the physico-chemical properties of true metal-ligand nanoparticles. More precise 

experimental data, particularly on cooled ions at shorter wavenumbers (below 500 cm-1) and with a 

higher resolution, should be able to provide more insight into the metallic structure and the metal-

ligand interactions.  



SUPPLEMENTARY MATERIAL 

Supplementary material includes full mass spectra of the samples studied, calculated equilibrium 

geometry of Au(TPP)2 cations and M06L simulated IR spectra of Au-SG anions. 
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