
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/pccp

PCCP

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal Name RSCPublishing 

ARTICLE 

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 1  

Cite this: DOI: 10.1039/x0xx00000x 

Received 00th January 2012, 

Accepted 00th January 2012 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Excited state interactions between the chiral Au38L24 

cluster and covalently attached porphyrin 

Birte Varnholt,
a
 Romain Letrun,

a
 Jesse Bergkamp,

b
 Yongchun Fu,

b
 Oleksandr 

Yushchenko,
a
  Silvio Decurtins,

b
 Eric Vauthey,

a
 Shi-Xia Liu,

b
 Thomas Bürgi

a*
  

A protected S-acetylthio porphyrin was synthesized and attached to the Au38(2-

phenylethanethiolate)24 cluster in a ligand exchange reaction. Chiral high performance liquid 

chromatography of the functionalized cluster yielded enantiomeric pairs of clusters probably 

differing in the binding site of the porphyrin. As proven by circular dichroism, the chirality 

was maintained. Exciton coupling between the cluster and the chromophore is observed. Zinc 

can be incorporated into the porphyrin attached to the cluster, as evidence by absorption and 

fluorescence spectroscopy, however, the reaction is slow. 

Quenching of the chromophores fluorescence is observed, which can be explained by energy 

transfer from the porphyrin to the cluster. Transient absorption spectra on the Au38(2-

phenylethanethiolate)24 and the functionalized cluster probe the bleach of the gold cluster due 

to ground state absorption and characteristic excited state absorption signals. Zinc 

incorporation does not have a pronounced effect on the photophysical behaviour. Decay times 

are typical for the molecular behaviour of small monolayer protected gold clusters. 

 

 

Introduction 

Systems composed of fluorophores attached to gold 

nanoparticles of a few nanometer in size have been widely 

studied for their electron transfer properties.1,2 For 

understanding the mechanisms of photon capture, charge 

separation and charge transport, it is advantageous to work with 

well-defined donor-acceptor systems. Monolayer protected gold 

clusters are well-defined in their composition and exhibit 

defined optical and electronic properties. Despite the enormous 

interest in gold clusters over the last decade, only a handful of 

works involving the incorporation of fluorophores in these 

well-defined systems have been reported so far.3–7 

Porphyrins are part of a family of macrocyclic molecules that 

bear large delocalized π-electron systems which give them 

interesting optical and electrochemical properties. Nature has 

utilized these properties in very elegant mechanisms such as 

their role in photon absorption and subsequent electron transfer 

pathways in photosynthesis as well as other roles in biological 

processes. Due to the possibility to chemically modify their 

structure and to introduce a variety of substituents in the meso-

position, they have found applications as building blocks for 

molecular electronics and for artificial photosynthesis where 

they participate to photoinduced charge separation processes 

with linked donors or acceptors.8–13  

Devadas et al.3 investigated the electron transfer between the 

Au25(SC6H13)18 cluster and modified pyrene molecules 

substituting some of the hexanethiolate ligands. A directional 

electron transfer from the cluster to the pyrene in the excited 

state was detected. However, no significant ground-state 

interactions were found. The same system was recently 

evaluated by Fihey et al.7 in an extensive theoretical study, 

which confirmed that no electronic ground-state interactions 

take place but neither were excited state interactions calculated 

with a simple pyrene. These calculations predicted electron 

transfer from the pyrene to the cluster only if the appropriate 

spacer length and electron donating groups are attached to the 

pyrene moiety.  

The wavelength dependent quenching properties of the 

Au25(glutathione)18 cluster with respect to non-covalently 

bound dyes in DNA strands were examined by Peteanu et al.4 

Quenching properties were found to be smaller for the Au25 

cluster as compared to bigger particles and poor quenching was 

observed at emission wavelengths coincident with electronic 

transitions.  

Sakamoto et al.14,15 used porphyrin derivatives with four 

acetylthio groups and different spacer lengths (SCnPorph n = 0, 

1 or 2) to synthesize a Platonic hexahedron shaped cluster with 

six porphyrin molecules protecting the facets of the gold cluster 

containing about 66 (65) gold atoms for one (two) carbon 

spacer length and a cluster with 14 porphyrin molecules and 

309 gold atoms for spacer length zero. A close face-on distance 

correlated with strong π-metal coupling was found to be 

Page 1 of 8 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

responsible for broadening and a red shift of the porphyrin 

Soret band. Transient absorption measurements were performed 

for the cluster formed without spacer units. Upon excitation at 

520 nm, the formation of an exciplex, followed by fast charge 

separation (700 fs) and recombination (32 ps) to the ground 

state was observed. 

We herein report the functionalization of the intrinsically chiral 

Au38L24 cluster by a ligand exchange reaction with a porphyrin 

thiolate. Well-defined exchange products were isolated via size 

exclusion chromatography (SEC) and high-performance liquid 

chromatography (HPLC). Separation into the enantiomers 

allowed investigating chiral interactions by circular dichroism. 

A chiral orientation of the porphyrin on gold clusters combined 

with the incorporation of zinc is potentially interesting for 

chiral anion sensing. The excited state interactions between the 

porphyrin and the gold cluster were investigated by transient 

absorption (TA) spectroscopy. 

Experimental 

The synthesis of Au38(2PET)24 (2PET = 2-phenylethane-

thiolate) was performed similar to earlier reports.16  

For the synthesis of 5-[4-(S-acetylthio)phenyl]-10,15,20-

trismesitylporphyrin, a portion of S-(4-formylphenyl) 

ethanethioate (0.25 g, 0.0014 mol) and 2,4,6-

trimethylbenzaldehyde (1.02 g, 0.0069 mol) was dissolved in 

propionic acid (20 mL) and the mixture was then heated to 70 
oC. At this stage, pyrrole (0.564 g, 0.0084 mol) was added to 

the reaction mixture and the resulting solution refluxed for 45 

min. The solution was evaporated under reduced pressure and 

the crude mixture passed through a pad of silica gel using 

dichloromethane (DCM) as eluent. The resulting mixture was 

then purified by silica gel column chromatography using 60/40 

DCM:Hexane as eluent to afford a purple solid. Yield 0.020 g 

(1.75%), 1H NMR (300 MHz; CDCl3): H, ppm -2.53 (2H, s), 

1.84 (18H, s), 2.60 (3H, s), 2.63 (9H, s), 7.28 (6H, s), 7.79 (2H, 

d, J = 6 Hz), 8.24 (2H, d, J = 9 Hz), 8.63 (4H, s), 8.69 (2H, d, J 

= 3 Hz), 8.79 (2H, d, J = 3). ESI-MS (m/z): [M + H]+ calcd. for 

C55H51N4OS 815.3778; found, 815.3771. 

Typical reaction conditions for the exchange with the porphyrin 

were chosen as follows: 5 mg (0.46 µmol) of Au38(2PET)24 

were dissolved in tetrahydrofuran (THF). 1.5 mL of a stock 

solution (ca. 0.5 mg / mL or 0.6 µmol / mL) protected S-

acetylthio porphyrin corresponding to a ca. two-fold excess 

with respect to the cluster, 1.5 mL of a aqueous 

ammoniumhydroxide solution (10 wt%) and 1 mL of acetone 

were added. The components were allowed to react for 48 h at 

room temperature under a nitrogen atmosphere. The resulting 

reaction mixture was washed several times with methanol and 

n-hexane to remove salts and free porphyrin. Further 

purification to remove remaining porphyrin was performed on a 

size exclusion column (SEC, BioRad Beads S-X1, toluene, 50 

cm x 1.5 cm). Moreover, the size of unexchanged Au38(2PET)24 

cluster and clusters with attached porphyrin is sufficiently 

different allowing to pre-select the exchange products. 

Fractions were separated according to their UV-vis signal 

(Varian Cary 50 spectrometer, pathlength 2 mm, DCM). 

Matrix-assisted laser desorption ionization time-of-flight 

(MALDI-TOF) spectra were measured on a Shimadzu Biotech 

Axima instrument in a positive linear mode using [3-(4-tert-

butylphenyl)-2-methyl-2-propenylidene]malononitrile as 

matrix. 

After SEC, we further separated the pre-purified fraction 

containing mostly single-exchanged clusters, but also 

unexchanged and double-exchanged clusters using a chiral 

HPLC column (Phenomenex Lux-Cellulose-1 column, 5 μm, 

250x10 mm, JASCO 2070plus UV-vis detector at 420 nm, 

eluent: n-hexane/i-propanol = 50:50). Five different peaks were 

identified and collected in several runs. It should be noted that 

other species are likely to be present but the chromatogram is 

dominated by these five superimposing peaks. The isolated 

fractions were analyzed by UV-vis and CD (JASCO J-815 

spectrometer, pathlength 2 mm, DCM) spectroscopy, MALDI-

TOF mass spectrometry and by re-injection into the analytical 

size equivalent (250x4.6 mm) of the HPLC column used for the 

separation. 

To a tetrahydrofurane/methanol (50:50) solution containing ca. 

0.1 mg Au38(2PET)24-n(porphyrin)n (n = 0 - 2) was added a ca. 

five hundred-fold excess of zinc acetate which was dissolved in 

THF/MeOH solution. The incorporation of Zn2+ into the 

porphyrin was monitored by UV-vis spectroscopy. 

Additionally, zinc was incorporated into the HPLC separated 

fractions 4 and 5 using the above conditions and a ca. 100-fold 

excess of zinc with respect to the cluster.  

Steady-state fluorescence spectra were measured on a Cary 

Eclipse Fluorescence Spectrophotometer (excitation 

wavelength 421 nm, excitation and emission slit 2.5 nm, 10 mm 

path length). For comparison of fluorescence counts, the 

concentration of all samples was adjusted to an absorbance of 

0.1 of the Soret band.  

Femtosecond TA (fs-TA) measurements have been carried out 

with an instrument described earlier.17,18 Excitation was 

performed at 400 nm using the frequency-doubled output of a 

Ti:sapphire amplifier (Spitfire, Spectra Physics). The pump 

irradiance on the sample was ca. 1 mJ·cm-2. The instrument 

response function (IRF) had a full width at half maximum 

(FWHM) of about 150 fs. The polarization of the white light 

probe pulses was set at magic angle relative to that of the pump 

pulses. 

TA measurements on a longer time scale (ns-TA) were 

performed using the set-up described in detail earlier.19 

Excitation at 355 nm or 532 nm was achieved with a frequency 

tripled Nd:YAG laser (PowerChip, PNG-M02010-120) or a 

frequency-doubled Nd:YAG laser (PowerChip, PNV-M02510-

120). The pump irradiance on the sample was adjusted to be 

similar to that used for fs-TA measurements. The FWHM of the 

IRF was about 350 ps. For the measurements performed at 355 

nm, the probe pulses were polarized at magic angle relative to 

the pump pulses, whereas they were parallel for the 

measurements at 532 nm excitation due to the weakness of the 

signal.  
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For both fs- and ns-TA, the samples were located in a quartz 

cuvette with 1 mm path length and were continuously stirred by 

nitrogen bubbling to avoid degradation. The concentration was 

adjusted to an absorbance at the Soret band maximum of about 

0.3. 

Results and Discussion 

The Au38(2PET)24 cluster’s structure can be described by the 

divide-and-protect model; it is composed of a Au23 core 

surrounded by six SR-Au-SR-Au-SR (SR = 2-phenylethane-

thiolate) and three SR-Au-SR staple motifs. Ligand exchange in 

the staples successfully takes place with the deprotected 5-[4-

thiophenyl]-10,15,20-trismesitylporphyrin. Products with up to 

three exchanged ligands were obtained. UV-vis spectra 

(Supplementary Information SI Fig. S1 and S2) show a red-

shift from 419 to 421 nm and a broadening from FWHM = 11 

nm to 13 nm (fitted with Origin 8.0, Voigt function) of the 

Soret band. The Q-bands and the absorption features of the 

Au38L24 cluster remain unchanged and the spectrum above 450 

nm can be considered as a linear combination of porphyrin and 

cluster spectral components. The latter indicates that no strong 

ground state interaction takes place between the cluster and the 

fluorophore. 

The porphyrin ligand has a size comparable to that of the 

cluster itself. Therefore, size exclusion chromatography can be 

used to perform a pre-purification of the product according to 

the number of exchanged ligands. However, no mono-disperse 

fraction could be obtained.  

In order to have a closer look at the prevalent species we used 

HPLC to separate a mixture containing mostly single 

exchanged, but also un-exchanged and bi-exchanged clusters 

(start material). The chiral HPLC further allows separation of 

enantiomers from the mixture of these products. No baseline 

separation could be achieved on the HPLC. Chromatograms as 

shown in Figure 1 display five peaks; however due to the 

enantioseparation an even number of peaks is expected. 

Therefore we expect at least two peaks to be overlapping.  

 
Figure 1: HPL chromatograms showing the starting material as used for the 

separation on the semi-preparative column (30 °C, 2.5 mL / min, n-hexane/i-

propanol 1:1), highlighted collection intervals (top) and re-injection of purified 

fraction on the analytical column (25 °C, 1.7 mL / min, n-hexane/i-propanol 1:1) 

and the start solution and Au38(2PET)24 as a reference (bottom). Intensities were 

normalized. 

 
Figure 2: HPL chromatograms (analytical column, 30 °C, 1.7 mL / min, n-hexane/i-

propanol 1:1) of fractions 1 and 2 as isolated and after heating 1 h to 70 °C in 

toluene. Chromatograms of the start material and pure Au38(2PET)24 are given as 

a reference. Arrows indicate retention times of the isolated fractions under 

these conditions. Chromatograms were normalized to the most prominent peak. 

The relative intensities lead us to the assumption that P1 and P4 

correspond to one enantiomer pair and that P2 and P3 

correspond to two species which can be resolved for one but 

not for the other enantiomer, composing P5. Previous studies 

reported the racemization of different sizes,20,21 ligand 

exchanged22 or doped23 clusters; making it an experiment suited 

to assign the enantiomers in a chromatogram. A toluene 

solution of P1 and P2 was heated for 1 h at 70 °C, the 

chromatogram after the heating displayed in Figure 2 shows 
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more than the two peaks expected for a racemization. This 

finding indicates that not only racemization takes place but also 

isomerization. On the Au38L24 cluster, the thiols are bound in 

four symmetry unique sites. Therefore, the ligand exchange 

with one ligand can lead to four regio-isomers. Apparently the 

porphyrin ligand can move between the different symmetry 

unique sites, an effect earlier observed with paracyclophanthiol 

ligands on the Au38-cluster.24 Since the kinetics of these two 

processes is unknown, HPLC alone is not adept for determining 

which peaks belong to enantiomers. 

MALDI mass spectrometry (SI Fig. S3) shows a similar 

distribution of unexchanged, mono- and bi-exchanged clusters 

for all isolated peaks. As we discussed above HPL 

chromatography is not able to achieve baseline separation, 

which might result in insufficient separation of mono- and bi-

exchanged products. However, a higher purity as compared to 

the start material should be expected. Another possible 

explanation could be an intercluster exchange of ligands. We 

propose that this could happen when ligands desorb from one 

cluster and re-adsorb on another one.25 

The chromatographic separation of different species allows 

evaluating the influence of the binding position and number of 

porphyrin molecules on the cluster’s CD spectrum. The 

anisotropy factors (g = ΔA/A) of the isolated fractions, with 

attached porphyrin, are of a similar value as those of pure 

Au38(2PET)24 enantiomers26 showing that the chiral structure of 

the cluster is maintained (SI Fig. S4). Details in the shape of the 

anisotropy factor spectrum should not be considered since the 

strong absorption bands of the porphyrin necessarily provoke 

changes in the spectral features. For comparison, CD spectra 

were normalized to the ellipticity at 347 nm and are shown in 

Figure 3.  

 

Figure 3: CD spectra (normalized to the ellipticity at the 347 nm) for the HPLC 

isolated fractions P1 and P4 (top) and P2 and P5 (bottom). The pairs P1, P4 and 

P2, P5 seem to be enantiomers. The CD spectra of the parent Au38(2PET)24 

cluster is also given for comparison (grey curve). 

While the long wavelength range (HOMO-LUMO, metal-metal 

transitions) stays largely unchanged, the spectra are more 

sensitive to the ligand shell below 500 nm.27 Interestingly, the 

relative intensities of the CD bands are comparable to the pure 

Au38(2PET)24 spectra for P2 and P5 while for P1 and P4 the 

relative intensity changes. All spectra exhibit a shoulder at 420 

nm, the position of the Soret band of the porphyrin ligand. This 

shoulder is more pronounced for P2/P5 than for P1/P4. The 

Soret band coincides with a zero-crossover point in the CD 

spectrum of the Au38(2PET)24 cluster. The appearance of this 

shoulder is likely due to exciton coupling between the two 

chromophores, porphyrin and cluster. The use of exciton 

coupling between two achiral chromophores (porphyrins) 

attached to chiral organic molecules or achiral chromophores 

attached to chiral chromophores, was reported earlier for 

chirality sensing and structure determination.28,29 A bisignate 

curve is expected which is however not clear in the present 

spectra because of the overlaying features of the cluster itself. 

We postulate that the differences in the spectra might be due to 

different binding properties on the cluster. The amplitude of the 

CD signals arisen by the exciton coupling is inversely 

proportional to the square of the interchromophoric distance. 

For this reason it seems plausible to assume that the distance 

between porphyrin and cluster is smaller for P2/P5 than for 

P1/P4; the band at 420 nm being more prominent in the spectra 

of the former. The reason for this could be either a different 

orientation of the porphyrin ligand, e.g. parallel or 

perpendicular to the cluster’s long axis or attachment at 

different binding sites, e.g. outer vs. central sulfur atom in the 

long staples. 

We used the separated fractions P4 and P5 to evaluate the effect 

of Zinc incorporation on the spectra. Zinc incorporation into the 

macrocycle of the porphyrin increases the symmetry as 

compared to the free base porphyrin. Therefore, as can be seen 

in Figure 4, the intensity of two degenerate Q-bands (552 and 

595 nm) increases while the other two decrease or disappear. In 

addition, electrons from the metal ion are donated to the 

porphyrin which lowers the transition energy.30 A red shift of 

about 5 nm of both the Soret (426 nm) and of the Q-bands is 

observed. This effect is more pronounced when THF is used as 

a solvent instead of DCM, due to the coordination of the free 

electron pairs of the oxygen. Circular dichroism spectra of these 

samples were measured in both DCM and THF. The band due 

to the exciton coupling shifts with the absorption feature of the 

porphyrin to higher wavelengths. 
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Figure 4: CD and UV-vis spectra of fraction P5 after Zn2+ incorporation measured 

in DCM and THF (for P4 see SI Fig. S5). A red shift of the Soret band and the 

corresponding CD feature due to coordination of the THF to the Zn2+ are 

observed. 

Steady-state fluorescence spectra measured in DCM upon 

excitation of the Soret band at 421 nm are shown in Figure 5. 

The absorption spectra of the gold cluster and the porphyrin 

overlap additively. For the purpose of comparability of the 

fluorescence spectra, all spectra were normalized to the 

absorption difference of the peak (421 nm) and the onset (448 

nm) of the Soret band. 

The stationary fluorescence intensity of the porphyrin decreases 

by a factor of about 10 when it is attached to the cluster 

indicating strong excited-state interactions. These values match 

a previous study in which porphyrin was attached to small gold 

nanoparticles using a long alkyl chain linker.31 The difference 

as compared to the strong quenching on bulk gold was 

explained with the larger distance between the porphyrin and 

the nanoparticles and the strong curvature of the nanoparticles. 

In our case, only a phenylthiolate separates the porphyrin 

macrocylce from the gold cluster and hence the distance 

between the two is very small.  

 
Figure 5: Steady-state fluorescence spectra (top) and the corresponding UV-vis 

absorption spectra (bottom) of HPLC separated fractions. 

Quenching efficiency depends not only on the distance but also 

on the orientation, which might explain the observed 

differences between the five HPLC collected fractions. 

However, we assume from CD data and HPL chromatograms, 

that P1/P4 and P2/P5 are enantiomers; P3 was not assigned. 

Thus, we expect the quenching efficiency of these pairs of 

enantiomers to be the same. Comparing MALDI spectra with 

the quenching efficiency, it appears that the fractions 

containing the highest relative amount of bi-exchanged clusters 

(P1 and P3) are less quenched than those with relatively lower 

amounts of bi-exchanged clusters (P2, P4, P5). It may be 

assumed, that bi-exchanged clusters have shorter retention 

times on the HPLC and elute preferentially with P1 (possibly 

corresponding to bi-exchanged enantiomer 1) and with P3 

(possibly corresponding to bi-exchanged enantiomer 2). 

Despite the small amounts even in P1 and P3, the effect is quite 

prominent. When two fluorophores are attached to one cluster, 

the probability for quenching decreases as compared to one 

fluorophore per cluster. Zinc incorporation leads to the 

expected blue shift of the fluorescence signals (SI Fig. S6).30 

However the signals of the free-base porphyrin attached to the 

cluster are still observed as well. Despite the large excess of 

Zn2+ during the incorporation reaction, free-base and the 

metalloporphyrin are present in the samples. The reaction with 

the separated samples was stopped after 24 h to prevent 

racemization of the cluster which has been shown to take place 

in solution.20 Additionally, a sample of the start material used 

for the separation was allowed to react with a zinc acetate 

solution over one week. The spectrum shows only the 

characteristic signals of the metalloporphyrin. The kinetics of 
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the zinc incorporation is slow, presumably due to a steric 

hindrance, i.e. Zn2+ ions cannot easily reach the porphyrin ring 

due to shielding by other ligands of the shell. 

Transient absorption (TA) measurements were performed with 

the individual building blocks (porphyrin and Au38(2PET)24 

cluster) as well as with the functionalized cluster to obtain a 

deeper insight into the quenching mechanism, which can be due 

to electron or energy transfer. Measurements were done for the 

HPLC purified samples, but since these were not obtained in a 

mono-disperse form, reference measurements were performed 

on the start material (before HPLC) to evaluate the influence of 

the purity of the samples. Note, that all samples, independently 

of mono-dispersity, show the same behavior. Neither the 

number (if low enough) nor the position of the ligand seems to 

have an impact. As expected, the fs-TA spectra of the free-base 

porphyrin measured upon 400 nm excitation show essentially 

no evolution over the whole temporal window of the 

experiment (Figure 6). The negative signals at about 420 and 

515 nm corresponding to the ground state bleach (GSB) of the 

Soret and the Q bands, respectively, are separated by a weak 

excited state absorption (ESA). 

On the other hand, the TA spectra of the cluster measured upon 

400 nm (fs-TA) and 355 nm (ns-TA) excitation contain more 

features that cover the entire spectral window of the experiment 

(Figure 6 and Figure S7). They are characterized by two 

negative signals between 420-500 nm and around 640 nm that 

can be assigned to GSBs by comparison with the stationary 

absorption spectrum. Additionally, two positive signals are 

observed, a broad one extending from 500 to 620 nm and 

another weaker one above 670 nm. These are assigned to ESA 

of the gold cluster, and are similar to earlier reports.32–34 An 

initial rise of the signal, most visible in the central ESA, with a 

time constant of 3.2 ps in toluene (6.5 ps in DCM) is observed 

and is assigned to a thermalization effect.35,36 The steady-state 

absorption spectrum of the Au38 cluster is known to be 

temperature dependent.37 Irradiation at 400 nm locally heats the 

cluster and thus excites vibrations of the core gold atoms as 

well as of the staples which influence the electronic structure. 

The 2D plot (SI Fig. S8) below 500 nm reveals periodic 

oscillations of the TA signal intensity due to a vibrational 

wavepacket at 283 cm-1 probably belonging to the shell 

breathing mode.35,38 After vibrational relaxation, the decay of 

the excited-state population takes place with a time constant of 

5.3 ns, independently of the solvent. Overall, a similar behavior 

is observed in toluene (TOL) and dichloromethane (DCM) for 

both the porphyrin and the cluster. 

The fs-TA measurements with the functionalized cluster were 

performed upon 400 nm excitation resulting in unavoidable 

direct excitation of the gold cluster additionally to the 

excitation of the porphyrin. The spectra therefore contain a 

combination of the features observed previously with the two 

individual components. Nevertheless, a striking difference in 

the dynamics of the GSB of the porphyrin's Soret band can be 

observed. The bleach decreases by more than 80 % within the 

first 50 ps and then remains constant up to 1.5 ns (SI Fig. S9). 

This process is accompanied by a blue shift of the positive 

signal located at the red edge of the GSB on a similar time 

scale. Such a behavior is typical of the cooling of the 

vibrationally hot electronic ground state.39,40  

 

   

  
Figure 6: Transient absorption spectra of (A) free base porphyrin, (B) Au38(2PET)24, (C) Au38(2PET)24-n(porphyrin)n (n = 0-2) and (D) Au38(2PET)24-n(Zn-porphyrin)n (n = 0-

2)) in toluene. Spectra from 1 ps to 1.5 ns were measured after excitation at 400 nm while for the spectra 3 ns to 15 ns an excitation wavelength 355 nm was used.  
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Table 1: Time constants obtained from the global analysis of the TA spectra 

shown in Figure 6. 

Compound Solvent τ1 / ps τ2 / ps τ3 / ns 

Porph-cluster 
TOL 1.5 10 > 2 

DCM 1.8 17 > 2 

Zn-Porph-
cluster 

TOL 1.0 12 > 2 
DCM 1.2 15 > 2 

 

The facts that the Soret band bleach recovers and that the 

dynamics is essentially identical in non-polar and polar solvents 

strongly disfavor electron transfer as the quenching mechanism. 

If charge separation was to take place, the very fast bleach 

recovery could only be explained by a charge recombination 

faster than the separation. Furthermore, the absorption spectrum 

of the zinc porphyrin radical cation is known to have its most 

intense band at 410 nm.41 This feature, previously observed by 

TA in systems where electron transfer takes place,42 is absent 

here. The lack of this spectral feature also goes against the 

occurrence of charge separation, at least from the porphyrin to 

the cluster. For all these reasons, the quenching observed here 

is attributed to energy transfer that is frequent with 

functionalized gold clusters.1 

A global analysis of the spectra yielded three time constants 

that are collected in Table 1. The decay-associated difference 

spectrum of the shortest component, τ1, contains a major 

contribution from the Soret band GSB, whereas the spectrum 

associated with τ2 exhibits features of the GSB and ESA 

(Figure S10). Therefore, τ1 is ascribed to energy transfer from 

the excited porphyrin to the cluster and τ2 to subsequent 

vibrational relaxation of the hot ground state. The spectrum 

associated with the longest time constant, τ3, is mainly due to 

the directly excited clusters, but also contains some residual 

Soret band bleach. This bleach, which slowly recovers on a μs 

time scale (Figure S9, inset), could be due to porphyrins in the 

triplet state that are not quenched because of an unfavorable 

orientation for energy transfer, or could indicate that electron 

transfer may after all be a parallel quenching mechanism, 

despite the data providing no clear evidence to support this 

hypothesis. 

The incorporation of zinc into the macrocycle does not change 

the behavior. The shape and the dynamics of the TA spectra are 

comparable to the above discussed compounds. This can be 

seen as another proof for energy transfer as the quenching 

mechanism since the incorporation of zinc lowers the oxidation 

and reduction potentials of the porphyrin by about 0.2 eV.43 

Conclusion 

Functionalization of the well-defined chiral Au38L24 cluster with 

an average one porphyrin ligand leads to different isomers, 

which can be separated by HPLC. The chirality of the cluster is 

maintained and exciton coupling between the two 

chromophores, porphyrin and cluster, is observed. The strength 

of the exciton coupling allows differentiating isomers. Steady 

state absorption spectra of the functionalized cluster are the 

sum of the individual components indicating that ground state 

interactions are not important. The incorporation of zinc into 

the porphyrin ring does not change this. However, exited state 

interactions take place as proven by fluorescence quenching 

and transient absorption measurements. The TA decay of the 

Soret bleach indicates energy transfer from the porphyrin to the 

gold cluster. Further, the TA spectrum of the cluster itself 

shows independently of the shell composition GSB and ESA 

signals. The GSB reveals molecular vibrations of the cluster, 

likely corresponding to the breathing modes. 
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