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We report distinct molecule-like and lattice (breathing) vibrational signatures of atomically precise, ligand-
protected metal clusters using low-temperature Raman spectroscopy. Our measurements provide
fingerprint Raman spectra of a series of noble metal clusters, namely, Au,s(SR)18, Ag25(SR)1s, Ag24AU(SR)1g,
Ad2o(S2R)12 and Agu4(SR)z0 (-SR = alkyl/arylthiolate, —S,R = dithiolate). Distinct, well-defined, low-frequency
Raman bands of these clusters result from the vibrations of their metal cores whereas the higher-frequency
bands reflect the structure of the metal-ligand interface. We observe a distinct breathing vibrational mode
for each of these clusters. Detailed analyses of the bands are presented in the light of DFT calculations.

Received 14th October 2021, These vibrational signatures change systematically when the metal atoms and/or the ligands are changed.

Accepted 11th April 2022 Most importantly, our results show that the physical, lattice dynamics model alone cannot completely
describe the vibrational properties of ligand-protected metal clusters. We show that low-frequency Raman

spectroscopy is a powerful tool to understand the vibrational dynamics of atomically precise, molecule-like
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Introduction

Atomically precise, ligand-protected metal clusters exhibit rich
structural and compositional diversity.' Structural information
on these clusters is mainly derived from X-ray crystallography.*®
Despite being a powerful tool to probe the structure of these
clusters,” " vibrational spectroscopy (infrared and Raman) is
under-utilized in comparison with other spectroscopic techni-
ques to establish structure-property relationships. Vibrational
spectroscopy of metal nanosystems, in general, has been applied
mostly to unprotected metal particles in the plasmonic size
regime."™ Theoretical investigations are available on the
vibrational spectra of sub-atomic, non-plasmonic metal clusters
in the gaseous phase.'*"> Typically, ligand protected metal
clusters, especially in the larger size regime, consist of a distinct
metal core bound to a precise number of well-defined metal-
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particles of other materials such as molecular nanocarbons, quantum dots, and perovskites.

ligand oligomeric units, ie., staples (Au,(SR); in Au,5(SR);4) and
mounts (Ag,(SR)s in Ag,4(SR)s0; —SR = alkyl/arylthiolate).®>"*>°
Among the very few examples of vibrational spectroscopic
studies on ligand-protected metal clusters include the Raman
spectroscopy of Ausg(SR),s and Au,s(SR);s.” These studies
revealed distinct vibrational bands associated with the metal-
ligand interface.

Recently, Kato et al. and Martinet et al. reported the
vibrational features of Aug clusters and Au,s(SR);s protected
with chloride and phosphine ligands, respectively.>"** They
observed vibrational signatures due to the metal core also.
However, despite the growing numbers of ligand-protected
metal clusters with a vast variety of structures and composi-
tions, vibrational spectroscopy of these clusters remains under-
explored.

Vibrational signatures of atomically precise metal clusters
are to be understood in greater detail which is essential to
establish the utility of vibrational spectroscopy as a fingerprint
technique for these clusters. This information is necessary to
understand the evolution of lattice dynamics from atomically
precise, molecule-like clusters to phonon modes in plasmonic
particles and bulk metals. Here we report experimental Raman
spectra of a series of ligand-protected, atomically precise metal
clusters, namely, Au,s(SR)is, Ag25(SR)1s, Ag20(S:R)1» and
Ag44(SR)30, and their alloys. Distinct vibrational bands due to
the metal core as well as the metal-ligand interface of these
clusters were observed. Our results highlight the role of the
ligands on the vibrational features of these clusters which is
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essential to test the validity of physical models in interpreting
the lattice dynamics of these clusters. Our results also establish
the importance of Raman spectroscopy as a tool, just as
electronic absorption spectroscopy, for distinguishing ligand-
protected metal clusters. Atomic precision has become a major
theme in materials science, and we show that low frequency
Raman spectroscopy is a powerful tool to understand atom-
ically precise particles of other materials such as molecular
nanocarbons, quantum dots,** and perovskites.>*?*

Results and discussion

The right panels in Fig. 1 show the structures of the metal cores
and the metal-ligand interfaces of the clusters used in this work.
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Fig. 1A-D present the Raman spectra of [Ag,o(BDT);,][Nals,
[Ag44(2,4-FTP);,][PPh,]s, [AZ,5(DMBT),5][PPh,] and [Au,s(PET), 4],
respectively. PET, DMBT, BDT and 24-FTP are 2-phenyl-
ethanethiolate, 2,4-dimethylbenzenethiolate, 1,3-benzenedithio-
late, and 2,4-difluorothiophenolate, respectively. Mass spectra of
[Ag,5(DMBT), s][PPh,], [Ag,,Au,(DMBT),s][PPh,] and [Au,s(PET)ys]
are presented in Fig. S1-S3 (ESI}). Au,5(PET),5 and Ag,s(DMBT);g
consist of similar structural components, i.e., an M;; icosahedral
core and M,(SR); (M = Ag/Au) staple units.*>*® Ag,o(BDT);, also
consists of an Ag,; icosahedral core, however, the ligand BDT is a
dithiolate and the metal-ligand interface in this cluster consists of
six Ag;(SR)s crown units.”” Ag,,(2,4-FTP);, consists of an inner-
most Ag;, icosahedron, a middle Ag,, dodecahedral shell and the
outermost Ag,(SR)s mount motifs. The metal cores of all of these,

Ag1,@Ag;

Fig. 1 Raman spectra of [Ag,9(BDT)1,l[Nals (A), [Ag44(2,4-FTP)30l[PPhal4 (B), [Ag25(DMBT)gl[PPh,] (C) and [Auos(PET)gl (D). (DMBT, BDT, 2,4-FTP and PET are 2,4-

dimethylbenzenethiolate, 1,3-benzenedithiolate, 2,4-difluorothiophenolate and 2-

phnylethanethiolate, respectively.) Schematic diagrams of the structures of the

metal cores and metal-ligand binding motifs are shown on the right panels. The structures shown in (A—D) are constructed using the crystal structure coordinates
reported in ref. 27, 18, 26 and 5, respectively. Color codes of atoms: yellow (S), gray (Ag), and orange (Au). Carbon and hydrogen atoms are not shown for clarity.
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except Agy(2,4-FTP);, have a central metal atom.'”"® Fig. 1A-D
show that Raman spectra of these clusters are unique although
they consist of similar structural units such as icosahedra and
staples. Distinct Raman bands were observed in the low-frequency
region (<150 cm™ ') and in the higher frequency (150-500 cm ™)
region of the spectra for all these clusters. The bands in the higher
frequency spectral region are attributed to the vibrations of the
metal-ligand oligomeric units in these clusters.’ Furthermore, a
set of distinct and strong bands were observed below 150 cm ™"
which are associated with the vibrations involving the metal
atoms of the cores.'® A detailed discussion of the Raman bands
of each of these clusters is presented in the following sections.

Ag,5(DMBT),5 and Ag,; ,Au,(DMBT),

Raman and UV/Vis absorption spectra of Ag,;(DMBT),g and its
Au-containing alloys, Ag,s_Au,(DMBT);4 (x > 1), are presented
in Fig. 2A and B, respectively. Mass spectra of Ag,,Au;(DMBT)5
and the other two alloys are presented in Fig. S2, S4 and S5
(ESIE). The two Ag,s_ Au,(DMBT),4 clusters with 7 and 14 Au
atoms on average are referred to as alloy I and alloy II,
respectively, in the following discussion for convenience.
A comparison of the Raman bands of Ag,s;(DMBT);z and
Ag,,Au;(DMBT)5 is presented in Fig. S6 (ESI¥) which shows
that even a single Au atom doping alters the relative intensity of
the low frequency Raman band at around 48 cm™ . There is
also a significant shift of the weak band at around 150 cm ™.
However, as the number of Au atoms is increased, we notice
distinct changes in the band shapes and their relative inten-
sities as shown in Fig. 2A. For example, the band at 95 cm™"
decreased in intensity in comparison with the band at
114 cm~'. Furthermore, the relative intensity of the band at
50 cm ™" decreased w.r.t. the bands at 95 cm™ " and 114 cm ™. As
a result, a band at an even lower frequency becomes evident for
alloy-II. Furthermore, the band at 50 cm ™" was blue shifted to
around 55 cm™ " and 59 cm ™" for alloys I and II, respectively.

(A)

300 450

L)
. -1
Raman shift (cm)
Fig. 2 Raman spectra (A) and UV/Vis absorption spectra (B) of Ags(DMBT);g (red trace) and Agas_xAux(DMBT)4g alloy clusters | (green trace) and Il (blue trace).
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More interestingly, the bands at 95 cm™' and 114 cm ™" for
Ag,5(DMBT), s were red shifted to 91 cm " and 110 ecm ™" for
alloy I. The band at 114 cm ™" for Ag,5(DMBT)y; is attributed to
the breathing vibrational motion involving the Ag;; icosahedral
core. Previous experiments and theoretical calculations suggest
that the breathing vibrational mode of clusters such as
Auzg(SR),4 and Au,s(SR);g appears in the low frequency spectral
region,'*1421:22:2831 A fyrther discussion on the breathing
modes is presented later. Noticeable changes were observed
in the high frequency region of the spectra (>200 cm ') as
shown in Fig. 2A. These bands correspond to various M-S (M =
Au/Ag) stretching modes of the M,(SR); staples.” The bands at
311 cm™ " and 335 cm ™! for Ag,;(DMBT),; undergo a blue shift
for alloy I (green trace). For alloy II (blue trace), only a single
band was observed at 323 cm ™" instead of the two bands in
Ag,5(DMBT);; and alloy I. The band at 382 cm ' for
Ag,5(DMBT), 5 was blue shifted to 385 cm™" and 387 cm™ " for
alloys I and II, respectively. Furthermore, the weak band at
283 cm ' decreased in intensity for alloys I and II. The weak
band at 226 cm ™" also followed a similar trend. A schematic of
the breathing modes of the cores and Au-S stretching modes of
the metal-ligand interface in M,5(SR)15 (M = Ag/Au) is shown in
Fig. 3. Note that the UV/Vis spectra of the alloy clusters I and II
(Fig. 2B) with significantly different numbers of Au atoms
(7 and 14, respectively) are hardly distinguishable whereas their
low frequency Raman bands are distinctly different.

Au,; (PET) 18 and Au,; ,xAgx(PET)lg

Fig. 4A and B show the Raman and the UV/Vis spectra of
Au,5(PET);3 and Au,s_,Ag,(PET);s alloy clusters, respectively.
Mass spectra of these clusters are shown in Fig. S3 and S7
(ESIi), respectively. Distinct low frequency bands were observed
for these two clusters; however, the bands of Au,s(PET),s were
less resolved compared to those of its alloy clusters. The bands
at 57 cm " and 109 cm " for Au,s(PET),s were blue shifted to
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Wavelength (nm)

400 1000
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Fig. 3 Schematic of the radial breathing mode of the M3 icosahedral
core (M = Ag/Au) (A), tangential Au-S stretching (B) and radial Au-S
stretching modes (C) of the M,(SR)s staple motifs in M,5(SR)1g clusters.

70 cm ™" and 116 cm ™", respectively, for Au,s_,Ag,(PET);s alloy
clusters. The band at 109 cm™" can be assigned as the breathing
vibrational mode involving the Au,; icosahedral core (see later
for a discussion). The high frequency vibrational bands for these
two clusters did not change significantly (except for a blue shift
of the band at 317 cm™ ") in comparison with Ag,s(DMBT);5 and
its alloy clusters. The bands at 286 cm ' and 317 cm ™' are
assigned to the Au-S stretching vibrational modes of their
M,(SR); staples.” A comparison of the Raman spectra of
Ag,5(DMBT);g and Au,s(PET);s (Fig. S8, ESIi) shows that their
high-frequency bands are similar in shape except that the former
exhibits a strong band at 382 cm™". This similarity is due to the
fact that both of these clusters are structurally analogous and
contain similar, M,(SR); (M = Ag/Au) staple motifs.

Ag44(2,4-FTP);o and Agy, ,Au,(2,4-FTP);,

Ag,4(2,4-FTP);, presents an interesting candidate for vibra-
tional spectroscopy because it consists of multiple shells.'”*8
Raman spectra of Ag,4(2,4-FTP);, and its alloy Ags, Au,(2,4-
FTP)3, are presented in Fig. 5A. A comparison of the UV/Vis
absorption spectra of these clusters presented in Fig. 5B shows
that the distinct bands of Ag,4(2,4-FTP);3, disappeared and two

(A)
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Raman shift (cm'1)

450
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new bands appeared for Ags, ,Au,(2,4-FTP)3, which is in
agreement with the previous reports.'”**> The UV/Vis absorp-
tion spectra of Ag,, ,Au,(2,4-FTP);, clusters (Fig. 5B) indicate
that the number of Au atoms in them is 0-12 and that these Au
atoms are located in the innermost, hollow icosahedral shell.?
It is also known that when the number of Ag atoms in
Ag44 xAUu,(SR)3, clusters is significantly less than twelve, the
UV/Vis absorption spectra of such clusters are similar to those
of Ag44(SR)30 and that it is not possible to incorporate more
than twelve Au atoms in Ag,4(SR)s3, by direct synthesis (i.e., co-
reduction of a mixture of metal salts).>® The Agy,_Au,(SR);0
clusters used in our experiments were synthesized by the co-
reduction method and their UV/Vis spectra resemble those of
the previously reported Ags, yAu,(SR)3o clusters which consist
of twelve'” or nearly twelve Au atoms.®® Therefore, it is very
likely that the number of Au atoms in the Ag,, ,Au,(SR)so
clusters used in our experiments is also twelve, approximately.

Fig. 5A shows a comparison of the Raman spectra of
Ag,44(2,4-FTP);, and Ag,s ,Au,(2,4-FTP);,. The intense bands
at 53 cm ' and 103 cm ' decrease in intensity with Au
substitution. The band at 133 cm ™" for Ag,,(2,4-FTP)3, is red
shifted to 126 cm™ " for Agys_,Au,(2,4-FTP);0. This red shift is
due to the substitution of the Ag atoms in the innermost shell
of Ag4(2,4-FTP);, by Au atoms. This shift indicates that the
band at 133 cm™" can be assigned as the breathing vibrational
mode of Ag,4(2,4-FTP);, clusters (see later for a discussion). The
weak band at 176 cm ™' is also red shifted to around 165 cm™".
In contrast to Ag,s(SR);s, Au,5(SR);5 and their alloys discussed
earlier, the high frequency bands of Ag.(2,4-FTP);, which
correspond to the vibrations of their Ag,(SR)s mounts are weak.
The structure of the metal-ligand interface is complex in this
case and theoretical calculations are required for a complete
assignment. Given their large size, DFT calculations on these
clusters are impractical. However, for the smaller clusters (Ag;s,
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450 600 750 900
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300

Fig. 4 Raman spectra (A) and UV/Vis absorption spectra (B) of Au,s(PET);g (black trace) and Auzs_Agy(PET):g alloy clusters (red trace).
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Fig. 5 Raman spectra (A) and UV/Vis spectra (B) of Ag44(2,4-FTP)zq (black trace) and Agss_xAux(2,4-FTP)zq (red trace).

390cm™
Au,5(PET);5

AU,5(BT)15.(DMBT),

150 0 150 300 450
Raman shift (cm™)
Fig. 6 Raman spectra of  [Aups(PET)ig]  (black  trace) and

Auys(BT)15_(DMBT), clusters (red trace).

Au,s and Ag,,Au,), DFT calculations could be performed and
the results will be discussed later. The relative intensity and the
peak positions of the bands above 200 cm ™" do hardly change by
incorporating gold, indicating that gold is in the inner part of
the cluster. Also, in contrary to the examples of Ag,;(DMBT);g,
Au,5(PET) g and their alloys, a comparison of Fig. 5A and B
shows that UV/Vis absorption bands are more sensitive to the
number of substituent metal atoms in Ag,,(2,4-FTP)3,.

Dependence of the Raman spectra on the metal atoms and
ligand types

In order to test the effect of the nature of the ligands on the
Raman features, we synthesized Au,s;(BT);s_(DMBT), clusters

13852 | Phys. Chem. Chem. Phys., 2022, 24,13848-13859

(BT = n-butanethiolate) by ligand exchange of Au,s(BT),s with
DMBT ligands (see Fig. S9, ESI%). A comparison of the Raman
spectrum of these clusters with that of Au,5(PET),; is presented
in Fig. 6 which shows that the change of the ligand from PET to
BT/DMBT drastically altered the number of low frequency
bands and their peak positions. The higher frequency bands
were similar (except for the presence of the band at 390 cm™*
for Au,5(BT)5_»(DMBT),) in the band shapes but they are blue
shifted significantly compared to Au,s(PET);g.

We further notice that there are distinct changes in the low-
frequency and the higher-frequency Raman bands on changing
the composition from Ag,s(DMBT);s to Ag,s ,Au,(DMBT);g to
Au,5(BT);5_»(DMBT), clusters (Fig. S10, ESIi). As more and
more Au atoms are incorporated into Ag,;(DMBT);g, four well-
defined bands were observed for the latter two clusters while only
three distinct bands were observed for Ag,s(DMBT),g. The bands
at 311 cm™ %, 335 cm ™" and 382 cm™ ' of Ag,5(DMBT),s were blue
shifted w.r.t. those of Au-rich clusters. Therefore, this comparison
suggests that the low-frequency vibrations are affected by the
nature of the metal atoms as well as the nature of the ligands.

DFT calculations

Computing Raman intensities for large structures like the
Au,5(PET);5 and Ag,5(DMBT);g nanoclusters using DFT is very
time consuming. To make the calculations manageable, the
DMBT ligands were substituted with methyl groups. In this
section we discuss in detail the nature of the low-frequency
vibrational modes of Au,s5(SCHj)ig, Ag,5(SCH;3)1s and
Ag,,Au;(SCH;)14 in the light of the performed DFT calculations.

A comparison of the experimental and simulated Raman
spectra of the Au,s, Ag,5 and Ag,,Au; nanoclusters is shown in Fig. 7.
When comparing the three experimental spectra, one can make

This journal is © the Owner Societies 2022
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Fig. 7 Experimental (solid lines) and simulated (dotted lines) Raman
spectra of the Auzs, Agzs and Aga4Auy nanoclusters.

four observations. First, the Au,5 spectrum is very broad and one
can, in principle, identify three bands, which were labelled as A;,
A, and A;. Second, the Ag,s and Ag,,Au, spectra, which are better
resolved, are very similar to each other. One can identify three
main bands (B,, B, and B;) and a broad shoulder (B,). Third, the
spectra of Ag,s and Ag,,Au, are significantly different from those
of Au,s. Fourth, assuming there is a one-to-one correlation
between the A;, A, and A; bands of Au,5 and the B,, B, and B;
bands in Ag,s and Ag,,Au, spectra, there is a clear blue shift in
the position of the bands when going from Au,s to Ag,s to
Ag,,Au,. This blue shift is expected because of the substitution
of the Ag atoms by heavier Au atoms.

Next, we compare the experimental and simulated spectra.
In the case of Au,s, the agreement between experiment and
theory is quite good. Not only does the simulated spectrum
exhibit the A;, A, and A; bands, but it also has the two
shoulders around the A, band. The calculation also predicted
correctly the relative intensities of the A;, A, and A; bands.
Moving to the simulated spectra of Ag,s and Ag,,Auy, it is clear
that while they do not reproduce the experimental spectra as
good as in the case of Au,s, they corroborate the experimental
observations. That is, they are very similar, they do not resem-
ble the Au,s spectrum, and they exhibit the correct blue shift.

Additionally, the six bands in the Ag,s and Ag,,Au; simulated
spectra can be grouped into three pairs (i.e., [Cy, C,), [C3, C4] and [Cs,
Cg]), which seem to correspond to the three experimental bands.

Assignment of the low frequency bands

The large size of the three nanoclusters and the complexity of
the associated structures and normal modes, make the assign-
ing of the observed bands difficult. Therefore, besides

This journal is © the Owner Societies 2022
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visualising the normal mode motion, we have performed a
thorough analysis of the normal modes. First, to assess the
similarities/differences between the normal modes computed
for the Au,s, Ag,s and Ag,,Au; clusters, we have calculated
normal mode overlaps (i.e., scalar products between the nor-
malised nuclear displacement vectors). Second, to assign the
character of each normal mode, we computed the localisation
of the mode motion on the Auy;, Ag;; and Ag;,Au, inner-cores
(fragment F1), the (Au,S;)s or (Ag,S3)s ligand binding motifs
(fragment F2) and the remaining C and H atoms (fragment F3).
The technical details of this normal mode analysis and the
obtained results are given in the electronic ESIf (see Normal
Mode Section, Tables S1-S3 and Fig. S11 therein). Here we only
summarize the obtained results.

The analysis of the Ag,s and Ag,,Au; modes (see Tables S2,
S3 and Fig. S11, ESIi) shows that these two structures have very
similar normal modes. Most of the modes with intense Raman
signals exhibit normal mode overlaps of 0.9 or larger (ie., a
similarity of at least 81% = 0.9 x 0.9). The situation is
completely different when comparing the Au,s; and Ag,s modes
(see Table S1, ESI¥). The highest normal mode overlap value is
0.77 (i.e., 59% similarity). Moreover, only two pairs of Au,s/Ag,s
modes have exhibited 59% similarity; the rest have significantly
smaller values. Among the modes with intense Raman signals,
a one-to-one mapping between the Au,s and Ag,s modes could
be done only for the breathing modes 84 and 106 (see Fig. 10),
which exhibit a 48% similarity (i.e., an overlap of 0.69). We can
thus conclude that this analysis explains: (1) the similarity
between the Ag,; and Ag,;Au; spectra, and (2) why the Au,;
spectrum does not resemble the other two spectra.

Next, we discuss the assignment of the bands based on the
predictions made by the DFT calculations. We start with the
spectra of Au,s. There are seven normal modes that contribute
to band A; and they all involve movements of the Au,S; ligand
binding motifs as a whole (viz. we have large F2 values in Table
S1, ESI%). The A, band comprises nine modes, which are
localised on both the Au,; core and the Au,S; ligand binding
motifs (see Table S1, ESIi). The A; band is determined by
modes 83 and 84, the so-called breathing modes.

Fig. 8 and 9 show the nuclear displacement vectors of the
modes that provide the most important contributions to the
bands A1, A2 and A3. To simplify their visualisation in Fig. 8,
the nuclear displacement vectors of the Au,; core and of the
(Au,S;)6 ligand binding motifs are depicted separately. This
decomposition scheme is used also in Fig. 9, which shows the
nuclear displacement vectors associated with the modes 21, 67
and 83.

We continue with the assignment of the bands in the
Ag,5(DMBT),;3 and Ag,,Au;(DMBT),s spectra. Since a one-to-
one mapping between the Au,s; and Ag,s; modes could not be
made based on the normal mode overlap values, we will look at
the localisation of the normal mode motion on the inner-cores
versus the ligand binding motifs, i.e., by comparing the F1 vs. F2
columns in Tables S1-S3 (ESI%). The goal is to find some
correlations between the three Au,s; bands and the bands in
the Ag,s and Ag,,Au, spectra. Fig. S11 (ESI}) shows the nuclear
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Band A;, mode 84:

26.8 Ang? /amu at 105 em 1

AuzsSis Auis

Fig. 8 Decomposition of the breathing mode of Au,5(SCH=):g into con-
tributions from the Aujz core and the (Au,Sz)e ligand binding motifs. The
Raman intensity (Ang* amu~?) and the frequency (cm™?) of the modes are
also mentioned on top. The —CH3z groups are omitted for clarity.

displacement vectors of the modes that provide the most
important contributions to the bands C;-Cs.

Firstly, we note that the modes associated with the bands A;,
C; and G, are all characterised by F1 and F2 values of approxi-
mately 5% and 20%, respectively. We can therefore conclude
that the experimental A;, B, and B; bands (which correspond to
the A;, C; and C, simulated bands, respectively) belong to the
same category and carry information mostly about the ligand
binding motifs. Second, we note that many of the modes
associated with the A,, C; and C, bands exhibit comparable
F1 and F2 values that amount to 15-25%. Thus, we conclude
that the experimental A, and B, bands (which correspond to the
A,, C; and C, simulated bands, respectively) carry information
about both the inner core of the clusters and the ligand binding
motifs. Previous reports also suggest that some of the low-
frequency Raman bands (other than the breathing modes) in

Band A;: mode 21

3.4 Ang*/amu at 29 cm 1

r
l
v
L(AusSig) = 25.3% L(AupsS1g) =

Fig. 9 The nuclear displacement vectors of the normal modes 21, 67 and 83 of the Au,5(SCHx);g nanocluster. The Raman intensity (Ang* amu~
of the modes are also mentioned on top of each panel. The —CHz groups are omitted for clarity.

frequency (cm™)
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these clusters could be due to the bending vibrations of their
staple motifs and stretching of the metal-metal bonds in
the cores.'® Lastly, we discuss the modes in the Cs; band (see
Table S3, ESIt), which does not seem to have a correspondent
in the Au,s spectra. It is important to note that: (1) this band is
determined mostly by the modes 96 and 97 which have very
high Raman intensities, and (2) more than 90% of the normal
mode motion in these two modes is localised on the C and
H atoms. Consequently, the band C; does not seem to be
relevant for the interpretation of the experimental spectra. That
is, if the calculation would have been performed for the
structures having DMBT (instead of methyl) for ligands, its
position and magnitude would be very different. Band Cg will
be discussed in the next section.

Breathing vibrational modes

Among the distinct, low-frequency (<150 cm ') Raman bands
observed in all clusters measured in our experiments, one band
can be assigned to the metal core breathing mode. In this
vibrational mode, all atoms (i.e., the core atoms, the atoms in
the staples as well as those in the ligand’s tail group) move
outward and inward in phase. Therefore, the breathing
vibrational modes of the cores of these clusters resemble the
longitudinal acoustic (LA) phonon modes in bulk metals and
plasmonic nanocrystals. LA modes for bulk Au metal appear at
around 115-150 cm™'. Such modes have been experimentally
observed using Raman spectroscopy for plasmonic Au
nanoparticles.>® The breathing mode is particularly sensitive
to the presence of heterometal atoms. Therefore, monitoring

Band Az, mode 83:

7.3 Ang"'/amu at 101 em !

L(Auz) = 10.0%

U

L(AupsS1g) = 12.7%

1) and the
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the effect of the metal atom composition on the low-frequency
bands is expected to be useful for identifying the breathing
mode. However, in the case of ligand-protected, atomically
precise metal clusters, assignment of the breathing mode
cannot be done only based on metal atom substitution effects,
as we discuss below.

In the following, we will discuss the trends observed experi-
mentally upon metal atom substitution from the perspective of
the DFT calculations.

Au,;5(PET),s. There exist a few theoretical calculations and
experimental measurements wherein core breathing modes of
ligand-protected noble metal clusters are observed. Previous
calculations by Aikens et al. showed that this mode appears at
around 106 cm™' for Ausg(SR).."° Transient absorption
spectroscopy measurements by Jin et al. and Murray et al. on
Auzg(SR),4 clusters (25 cm™ ') and Au,s clusters (80 cm™* for
spherical clusters, 25 cm ™" for rod-shaped clusters), respectively,
show that the vibrational features of their metal cores appear at
low frequencies.”*?%> Recent Raman spectroscopic measure-
ments by Martinet et al. show that the breathing vibrational mode
of the Au,; core of Au,5(SR);s appears at around 100 cm™ '.*?
Therefore, the band at 109 cm ™" observed in our measurements
for Au,s(PET);5 can be assigned as its breathing mode. This is
further supported by the fact that this band is blue-shifted when
Au atoms are substituted by Ag atoms (see Fig. 4A).

The analysis of the DFT modes has shown that there are only
two modes that contribute to band A;. The most important is
mode 84 which has by far the strongest Raman signal among
the Au,s; modes. This mode exhibits the characteristics of a
breathing mode (see Fig. 8). The central Au atom does not move
while the rest of the atoms of the Au,; core are moving in-
phase, towards (and away from) the central atom. Therefore, we
assign this band to the experimental band at 109 cm™'. The
other mode contributing to A; is mode 83 (see right panel of
Fig. 9). It can be dubbed as the out-of-phase breathing mode,
with eight of the Au,; atoms moving in phase towards (and
away from) the central atom (which is not moving), while the
remaining 4 atoms are moving against the rest of the atoms
and towards each other. Mode 83 has a significantly smaller
Raman intensity than mode 84, i.e., 7.3 vs. 26.8 Ang* amu .
Therefore, calculations reveal that the experimental A; band of
Au,;s is determined by two breathing modes.

Ag,5(DMBT), 5. For Ag,s, and the alloy clusters I and II, the
band at 50 cm ™" undergoes a blue-shift which is opposite to the
expected trend for Au atom substitution in a silver cluster.
The bands at 95 cm™ " and 114 cm™ " undergo red-shift for alloys
I and II. However, it is unlikely that both bands correspond to
the breathing mode (as in the case for calculated spectra of
Au,s) because they are well-separated in energy. DFT analysis
shows that the B, band does not exhibit any breathing char-
acteristics while the B; band does. Previous reports also suggest
that the breathing mode is the highest frequency mode within
the group of high intensity modes found below 150 cm *.*°
Therefore, we assign the band at 114 cm ™' in Fig. 2A as the
breathing mode of Ag,s(DMBT),5. More on the DFT analysis of
this band is presented below.
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Breathing mode: Au2sSis vs. AgxsSis (02 = 0.69)

Fig. 10 Breathing mode in the Au,s and Agas clusters: comparison of the
nuclear displacement vectors. Since atoms of the two clusters are super-
imposed and have almost identical structures, only Au,s is seen. There are
two nuclear displacement vectors associated with a given atom, one
belongs to Au,s the other one to Agzs. Typically, the one belonging to
Augs is larger. The O2 normal mode overlaps were computed using only
the nuclear displacement vectors of the atoms in the Au,s5S1g and AgzsSig
fragments.

The performed normal mode analysis shows that mode 106
in Ag,s and Ag,,Au; exhibit the strongest similarity with the
breathing modes in Au,s (i.e., mode 85). The nuclear displacement
vectors associated with mode 85 of Au,5 and mode 106 of Ag,s
have been superimposed in Fig. 10. As can be seen, the two sets
of nuclear displacement vectors exhibit clear differences, both
in magnitudes and directions. Indeed, the overlap of the two
modes (see Table S1, ESI#) is 0.69, which means they are only
48% similar (0.48 = 0.69%). However, Fig. 10 shows clearly that
the two sets of nuclear displacement vectors induce the same
type of “breathing” movement in the two nanoclusters.
Furthermore, the comparison of the frequencies of the breath-
ing mode in the three clusters, confirms the blue shift observed
experimentally when Ag atoms are substituted by Au atoms.
Indeed, the calculated frequency of the breathing modes is 105 cm™*
in Auys, 130 cm™' in Ag,s and 132 cm™ ' in AuyAu,. We
therefore conclude that the experimental A; and B; bands
(which are associated with the A; and C¢ simulated bands,
respectively) are determined by the breathing mode. As such,
these bands carry information mostly about the core of the
nanoclusters.

Ag44(2,4-FTP);,: insights into the location of the substituent
metal atoms

Fig. 5A shows that the substitution of Ag atoms by Au atoms
does not alter much the shapes and peak positions of the bands
at 53 cm ' and 103 cm ' for Ag,4(2,4-FTP);,. However, the
band at 133 cm ™' undergoes a clear red-shift when Ag atoms
are substituted by Au atoms. Therefore, we assign the band at
133 cm ™' for Ag,4(2,4-FTP);, as the breathing mode of its
metal core.

It is interesting to note that all of the low frequency bands in
Ag,5(DMBT), 3 and Au,s(PET);s are altered when metal atoms
are substituted. This is due to the fact that metal atoms in their
cores are bound to the ligands. Therefore, a change in metal
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composition alters the shapes and positions of the bending
modes of the staples. However, in the case of Ag,4(2,4-FTP)3,
and Ag,,_Au,(2,4-FTP);,, only the band at 133 cm ™! is shifted.
It was mentioned earlier that the Ag atoms in Ag,, ,Au,(2,4-
FTP);, are located in the innermost icosahedral core. Note that
the M;, (M = Ag/Au) icosahedron in these clusters is not bound
with the ligands, and therefore, the bending vibrations of the
metal-ligand interface are not sensitive to the composition of
the innermost core. If the Ag atoms in Agy, ,Au,(2,4-FTP);,
were located in the middle Ag,, shell or in the outermost mount
positions, the bands at 53 cm ™" and 103 cm ™" would have been
altered significantly. This is not the case, and therefore, Raman
spectra of these clusters suggest that Ag atoms in Ag,, ,Au,(2,4-
FTP);, are more likely to be located in the icosahedral core. A
change of the M;, composition alters the frequency of the
breathing modes, as observed in the other two cases.

Comparison with metal thiolates

We have also measured the Raman spectra of metal thiolate
complexes and compared them with those of the corresponding
clusters (see Fig. S12-S15, ESI%). Interestingly, the Raman
spectrum of the Ag-DMBT thiolates shows some resemblance
with that of Ag,;(DMBT);g (see Fig. S12, ESIf). In order to
understand the origin of the low frequency bands of Ag-DMBT
thiolates, DFT calculations are performed. These calculations
suggest that the intense bands at around 100 cm ' and
380 cm™ " of Ag-DMBT thiolates are due to frustrated rotations
of the DMBT rings around an axis perpendicular to the ring and
due to DMBT ring deformation vibrations. However, it is obvious
from the figure that the Raman spectra of Ag-DMT thiolates and
Ag,5(DMBT),; are distinctly different. The comparison of Raman
spectra of Au-PET thiolates and Ag-BDT thiolate with Au,5(PET);g
and Ag,o(BDT);,, respectively (see Fig. S14 and S15, ESI}), shows
that the Raman spectra of clusters are distinctly different from
those of metal-thiolate complexes.

In summary, our measurements reveal distinct molecule-
like vibrations of metal-ligand interface and a phonon-like core
breathing mode of atomically precise, ligand-protected noble
metal clusters. We demonstrated that Raman spectroscopy in
the low-frequency region, can be used as a fingerprint technique
to identify atomically precise, ligand-protected metal clusters.
The positions and the intensities of the low-frequency bands are
dependent on the nature of the metal atoms as well as the
ligands. A distinct breathing vibrational mode has been identi-
fied for these clusters by monitoring the effect of metal atom
substitution and DFT calculations. DFT calculations further
indicated that some of the low-frequency Raman bands are
due to vibrations involving both the ligands and the core
metal atoms.

Conclusions

Our experiments show that Raman spectroscopy provides
fingerprints of ligand-protected, metal clusters, just as electronic
absorption spectroscopy. Fingerprint Raman bands arise due to
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distinct vibrational modes of their metal cores. Low-frequency
bands of these clusters are dependent on the nature of metal
atoms as well as the ligands. We hope that low frequency Raman
spectroscopy will become a promising characterization tool not
only for metal clusters but also for atomically precise, molecule-
like particles of other materials such as perovskites, quantum
dots and molecular nanocarbons.

Experimental
Materials used

Hydrogen tetrachloroaurate tetrahydrate, HAuCl,-4H,0, and
sodium tetrahydroborate, NaBH,, were obtained from ACROS
Organics. 2-Phenyelethanethiol (PET), 1-butanethiol (BT), 2,4-
dimethylbenzenethiol (DMBT), 2,4-difluorothiophenol (2,4-
FTP), 1,3-benzenedithiol (BDT), tetraphenyl phosphonium bro-
mide (PPh,Br) and AgNO; were purchased from Sigma Aldrich.
Tetraoctylammonium bromide, TOABr (98%), was purchased
from Fluorochem. Methanol (MeOH) (HPLC grade), toluene
(analytical reagent grade) and DMF were purchased from Fisher
Scientific. Ultrapure water (resistivity of 18.2 MQ cm at 25 °C)
was used in the synthetic procedure. All the solvents used,
dichloromethane (DCM), methanol, toluene, etc., were of
analytical grade and used without further purification. The
Bio Beads S-X1 (Bio-Rad) for size exclusion chromatography
was purchased from Bio-Rad, USA.

Synthesis and purification of clusters

The Ag,5(DMBT),s and Ag,,Au;(DMBT),; clusters used in these
measurements were synthesized adopting the procedures
reported by Bakr et al>®° Synthesis of Ag,s_.Au,(DMBT)q
alloy clusters (with x > 1) was performed by its reaction with
(Au-DMBT) thiolate.”” Ag,o(BDT),, clusters used in these
measurements were synthesized using a previously reported
procedure.*® Ag,,(2,4-FTP);, and Ag,,_,Au,(2,4-FTP);, clusters
used in these measurements were synthesized adopting the
procedure reported by Zheng et al.>* The Au,s(PET)ys clusters
used in these measurements were synthesized using reported
procedures.®® Anionic Au,s(PET),, clusters were oxidized to
neutral clusters by running the clusters on a thin layer chro-
matographic (TLC) plate using DCM as the eluent.*® Synthesis
of Au,s ,Ag,(PET);s alloy clusters was carried out using a
previously reported procedure by Wang et al.*” All clusters were
purified by size exclusion chromatography using Bio Beads SX-1
column using toluene as the eluent. The purity of the synthe-
sized clusters was analyzed with MALDI mass spectrometry/ESI
mass spectrometry and electronic absorption spectroscopy.

Instrumentation

Raman spectroscopic measurements. Raman spectroscopic
measurements were made using a Horiba LabRAM HR Evolution
Raman spectrometer equipped with a liquid nitrogen cooled
CCD camera and an excitation laser at a wavelength of 532 nm.
Rayleigh light was filtered with an RVB (Bragg) notch filter which
allows the measurement of both Stokes and anti-Stokes sides
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down to 5 ecm™'. The laser was focused on a spot of about 5
micrometers in diameter and the power was limited to a fraction
of milliwatt to avoid local overheating of the sample. A piece of
the silicon wafer was used as the substrate for measurements.
The silicon wafer substrate was cleaned by sequentially sonicating
it for 2-3 minutes in methanol, acetone, DCM and finally in
millipure water. The samples were dissolved in DCM and drop
casted onto the silicon wafer substrate and allowed to dry under
ambient conditions. For Agy,(2,4-FTP)3o and Ag,, ,Au,(2,4-FTP)3,
single crystals of these clusters were re-dissolved in DCM and
drop casted onto the silicon wafer substrate. For all other samples,
purified clusters were dissolved in suitable solvents (DCM and
DMF) and drop casted onto the substrate. Once the sample was
dried, it was fixed onto a cold finger of a liquid helium flow
cryostat using silver paste. The cryostat was closed using a flange
with a fused silica window coated to limit the light reflection and
pumped down to 10~° mbars overnight. The low temperature
measurements were carried out at a substrate temperature of
around 10 K. The spectra are shown without further treatment
(smoothing).

Mass spectrometry and UV/Vis absorption spectroscopy

Ultraviolet-visible spectra were recorded using a Varian Cary 50
spectrophotometer, using a quartz cuvette of 10 mm path
length. Mass spectra were obtained using a Bruker Autoflex
matrix assisted laser desorption ionization mass spectrometer
(MALDI MS) equipped with a nitrogen laser in linear, positive
ion mode. [3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]-
malononitrile (DCTB) was used as the matrix. A volume of 2
uL of the analyte/matrix mixture was applied to the target and
air-dried.

Electrospray ionization mass spectra were measured using a
QSTAR pulsar i (AB Sciex) using a quadrupole and time-of-flight
analyzers. The spectra were measured in the mass range of m/z
500-12 000 in the negative ion mode. Further details of the
instrumental parameters used for the measurements are
provided in the ESIL.i

DFT calculations

In order to understand the nature of some low frequency
Raman bands associated with the Ag-DMBT thiolates, DFT
calculations were performed using Gaussian 16.*" For this a
cyclic Ag,(DMBT), fragment was used. The b3pw91 functional
and a 6-31G(d,p) basis set were used (LanL2DZ for Ag). Before
calculating the Raman spectrum, the structure was completely
relaxed.

The optimisation of the structures and the calculation of
the Raman intensities were performed using the Amsterdam
Density Functional (ADF) program package (developer version
178297, 2019-10-07)."*™* The structural coordinates of the
optimized geometries of the clusters are presented in the ESI.i
To account for the relativistic effects the zeroth order regular
approximation (ZORA) to the Dirac equation was applied as a
scalar correction.**>® The BP86 exchange-correlation
functional®** and the ADF TZP ZORA basis set>® were used
in all calculations. Furthermore, Raman intensities were
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computed only for the modes in the frequency interval between
20 and 135 cm™". This was done using the ADF “RamanRange”
option, which is a two-step procedure. First, analytical fre-
quency calculations® are performed for the entire structure.
Then, Raman intensities are computed by numerical differen-
tiation only for the modes in a specific frequency interval. The
simulated Raman spectra were obtained by broadening the
computed intensities with a Lorentzian band shape with a half-
width at a half-maximum of 8 cm™". The frequencies were not
shifted. The nuclear displacement vectors have been visualized
using the XCrysDen program.>
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