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Experimental Section
Materials

All chemicals were purchased commercially and used without prior purification. Silver nitrate
(AgNOs3), tert butylthiol (HS'Bu), silver trifluoroacetate (CFsCOOAg), phenyl phosphonic
acid, and 4,4-azopyridine were procured from Sigma-Aldrich. HPLC grade solvents- methanol,
ethanol, acetonitrile, chloroform, and triethylamine (EtsN) were purchased from Spectrochem.
Milli-Q water was used in all experiments. All glassware was thoroughly cleaned with aqua

regia (HCIl: HNOs= 3:1, v:v), rinsed with copious pure water.
Synthesis of two-dimensional Agis cluster-assembled material

Crystal 1 was synthesized by a facile one-pot synthetic approach. 0.1 mmol of AgS'Bu and 0.1
mmol of CFsCOOAg were sequentially added into the 6 ml of a solvent mixture of E/A (1:1)
and stirred up to form a colorless clear solution. Subsequently, 0.13 mmol of phenyl
phosphonic acid and 0.13 mmol of 4,4-azopyridine were sequentially added into both solution
mixtures and kept stirring for another 15 min at room temperature. A yellowish-brown
precipitate was formed and that was separated by centrifugation. Then the final clear solution
was kept at room temperature in a dark environment for 3 days and crystals were obtained by
slow evaporation of the solvent (Yield: 58 % on the basis of Ag). The precursor, AgS'Bu
complex was synthesized by treating the equivalent amount of AgNO3 and HS'Bu with EtsN,
as reported in the literature.! The use of multi-dentate phenyl phosphonic acid is crucial here
because of its H-bond donating ability, and we observed that without adding it, we can’t get
the desired product.

In the case of the E/C mixture, we just replaced the solvent medium in this protocol to
synthesize crystal 1a. After adding AgS'Bu and CFsCOOAg in that solution mixture it turns
greenish-yellow colored clear solution instead of this all other observations are the same as the
E/A mixture (Yield: 51 % on the basis of Ag).

X-ray Crystallography

The single-crystal X-ray diffraction data for cluster-assembled material was collected on the
Bruker Axs Kappa Apex Il SC-XRD diffractometer with CCD detector using monochromated
MoK, radiation (A= 0.71073 A). The crystal structure was solved by SHELXT 201449 and
refined by the full-matrix least-squares method using SHEL XL 201850 present in the program
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suite WinGX (version 2014.1).2* All non-hydrogen atoms were refined anisotropically and

hydrogen atoms were (positioned geometrically) refined isotropically using an olex2.°
Computational Details

DFT calculations were done using Gaussian 09 D.01 program.® B3LYP functional with Pople’s
6-31G™* basis set was used for non-metal elements and LANL2DZ-ECP (effective core
potential) was employed for silver atoms, respectively.” Conductor-like polarizable continuum
model (CPCM) with acetonitrile and chloroform were employed for solvent calculations.® The
TD-DFT calculations considered 300 singlet-to-singlet excitation energies. The calculations

were carried out for the molecular unit of the silver cluster-assembled material (CAM).

The stability calculations of bulk Ag CAM with periodic boundary conditions were carried out
using Vienna Ab-Initio Simulation Package (VASP) employing optPBE van der Waals
functional.® A similar calculation without van der Waals consideration was also carried out
using Generalized gradient approximation of Perdew—Burke—Ernzerhof (PBE) functional for
identifying the role of non-covalent interactions in determining the relative stability of the two
crystal structures.® 1! Projector augmented wave (PAW) method was used for treating ion-
electron interactions.'> 12 The ionic relaxations have been carried out using a conjugate gradient
algorithm with convergence criteria of 10* eV for minimum energy and 0.05 eV A for
Hellmann-Feynman forces on atoms. Due to the large size of the unit cells of the compounds,

the Brillouin zone was sampled at the Gamma point (1x1x1).

Instrumentation

UV-vis spectroscopy was carried out on a UV-3800 SHIMADZU UV-vis/NIR spectrometer
using a 3.5 ml cuvette. Emission measurements were performed using a Fluorolog-3
spectrofluorimeter from Horiba Jobin Yvon. The relative quantum yields were determined by
the best match of the excitation wavelength of a well-known chromophore such as Perylene
with the crystals and the excitation was fixed at 410 nm. The concentration of the solutions
was fixed by adjusting the absorption 0.05 OD and measured the quantum yield at room
temperature. XPS measurements have been done using the Omicron Nanotech instrument
(MgK, radiation at 1253.6 eV). All binding energies were referenced to the neutral C 1s peak
at 284.8 eV. IR spectra (with the spectral resolution of 4 cm™ ) were collected on a Shimadzu
IRPrestige—21 FTIR spectrometer by using the KBr pellet method. Solution-state FT-IR spectra
were recorded by a Bruker-Alpha (ATR-ZnSe) instrument. Bruker Avance 111, 500 MHz, NMR
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was used for the *H and °F NMR studies. PXRD data were collected employing an X’pert
PRO (PANalytics) powder diffractometer equipped with a Cu Ka (A = 1.5405 A) radiation
source. The TGA was performed on SDT Q600 (Shimadzu) analyzer from room temperature
to 600 °C at a heating rate of 10 °C min* under N, atmosphere. Emission lifetimes were
measured using a picosecond time-correlated single-photon counting system (model Horiba
Jobin Yvon-IBH). Solutions were excited at 475 nm using a pulsed diode laser. The fluorescent

decay curve was fitted with a monoexponential decay fit.

PA-images were recorded for crystal 1 and la in E/A and E/C solvent mixture and the
solutions were taken inside two different transparent tubes with inner diameter 0.28 mm and
kept in the sample holder of the transmission conFig.d home-built acoustic resolution
photoacoustic microscopy (AR-PAM) imaging system.'* Each sample was illuminated with an
optical beam of 2.3 mm diameter, and a tuneable 100 Hz pulse repetition frequency of a 6 nsec
pulse width (SpitLight OPO Evo 150-532, Innolas Lasers, Krailling, Germany), coupled by an
optical fibre. The energy and wavelength of the laser were set as 10 mJ and 450 nm,
respectively. The induced PA signal was collected by a tightly focusing 30 MHz (focal spot
size 154 um and focal length 19.10 mm) ultrasound transducer (V375-SU, Olympus, Shinjuku
City, Tokyo, Japan). The detected signal was then amplified using an amplifier (Part No.:
VCA2615EVM, Texas Instruments, Dallas, Texas, USA), sampled using a data acquisition
card (Part No.: 779745-02, NI PCI-5114, 250 MS/s, National Instruments, Austin, Texas, USA)
and saved to the system for further processing. To produce the 3D data, raster scanning of the
transducer with step-size 100 um was utilized with a high precession translation stage
(Newmark NSC-G series, Newmark Systems Inc., Rancho Santa Margarita, CA, USA). From
these data MAP (Maximum Amplitude Projection) images along depth were produced with
MATLAB for comparison and analysis.

To enhance PA signal strength, we adopted our reported optical pre-illumination technique
in which CW-optical beam from a laser source (NPL52B, Thorlabs, Newton, New Jersey,
USA; wavelength, 520 nm, power, 40 mW) — in addition to pulse-laser beam adopted for
generating of PA waves — was employed to illuminate the samples by intersecting the pulse-
laser beam and CW-beam at a pre-specified section.'* Continuously switched on CW-laser
retain the temperature throughout the experiment and we call this process pre-illumination.
Here we have used a pulsed laser at 650 nm for imaging so that the change in PA signal with

temperature will be much more visible.
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Table Sla. Crystal data and structure refinement parameters for Crystal 1

Identification code Crystal 1

CCDC number 2093651

Empirical formula Ca4 Hsz Ag7 Fe N4 O4 Sk
Formula weight 1611.19

Temperature 150 2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group C2/c

Unit cell dimensions

a=23.087(3) A; b =14.5454(17) A, ¢ = 30.330(4)
A; 0.=90°; B =102.868(5) °; y = 90°

Volume 9929(2) A3

z 8

Density (calculated) 2.156 mg/m3

Absorption coefficient 2975 mm-1

F(000) 6240

Crystal size 0.075 x 0.035 x 0.025 mm3
Theta range for data collection 1.377 to 28.374 °.

Limiting indices

-30<=h<=30, -19<=k<=19, -40<=I<=40

Reflections collected

69651

Independent reflections

12386 [R(int) = 0.2494]

Completeness to theta = 25.242 °

99.9 %

Refinement method

Full-matrix-block least-squares on F2

Data / restraints / parameters

12386 /0/551

Goodness-of-fit on F2

0.930

Final R indices [I > 2sigma(l)]

R1=0.0713, wR2 = 0.1494

R indices (all data)

R1=0.1930, wR2 = 0.2154

Largest diff. peak and hole

1.630 and -1.930 e. A-3
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Table S1b. Crystal data and structure refinement parameters for Crystal 1a

Identification code Crystal 1la

CCDC number 2093652

Empirical formula Cs4 Hs3 Ag7 Fs N4 O4 Ss
Formula weight 1611.19

Temperature 150 (2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group C2/c

Unit cell dimensions

a = 23.0645(19) A; b = 14.5322(12) A, ¢ =
30.379(3) A; a=90°; B = 102.842(3) °; y = 90°

Volume 9927.6(14) A3

Z 8

Density (calculated) 2.156 mg/m3

Absorption coefficient 2.975 mm-1

F(000) 6240

Crystal size 0.085 x 0.057 x 0.035 mm3

Theta range for data collection

1.37510 28.417 °.

Limiting indices

-30<=h<=30, -19<=k<=19, -40<=I<=40

Reflections collected

87500

Independent reflections

12396 [R(int) = 0.1488]

Completeness to theta = 25.242 °

99.9 %

Refinement method

Full-matrix-block least-squares on F2

Data / restraints / parameters

12396 / 0/ 556

Goodness-of-fit on F2

1.005

Final R indices [I > 2sigma(l)]

R1=0.0544, wR, = 0.1139

R indices (all data)

R1=10.1196, wR2 = 0.1437

Largest diff. peak and hole

1.269 and -1.588 e. A-3
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Table S2. Bond distances of crystal 1.

Agis CAM Bond distances (A)
Agl-Ag2 2.948
Agl-Ag3 3.016
Agl-Ag6 3.189
Ag2-Agl 2.948
Ag4-Ags 2.934
Ag5-Agl 3.036
Ag5-Ag7 3.008

Ag1-S1 (pa) 2.405

Ag2-S1 (L) 2.444

Ag3-S1 (L) 2.695

Agd-S1 (a) 2.962

Ag3-S2 (1a) 2.458

Ag6-S2 (1a) 2.486

Ag7-S2 (H3) 2.413

Ag2-S3 (1a) 2.379

Ag4-S3 (1a) 2.491

Ag7-S3 (13) 2.655

Ag1-54 (u3) 2.398

Ag5-S4 (1a) 2.445

Ag6-54 (1s) 2.554

Ag4-S5 (43) 2.551

Ag5-S5 (1a) 2.503

Ag7-S5 (H3) 2.484
Ag5-01 2.423
Ag4-02 2.302
Ag6-03 2.433
Ag3-04 2.450
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AgStBu + AgCF,C00
In C,H;OH and CH,CN
(1:1)
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0.05 mmol 0.05 mmol 0.13 mmol No crystals
0.05 mmol 0.1 mmol 0.13 mmol Powder
0.1 mmol 0.05 mmol 0.13 mmol Crystals with impurity
0.1 mmol 0.1 mmol 0.13 Pure crystals

Fig. S1 Synthetic route of Ag14(S'Bu)10(CF3COO)4(apy)2 in ethanol/acetonitrile (crystal 1) and

ethanol/chloroform mixture (crystal 1a), below optimization table of the reagents. This

optimization table we have followed in E/A (3 ml/3 ml) and in E/C (3 ml/3 ml) solvent mixture

separately keeping fixed the amount of the phenyl phosphonic acid as it is not bonded with the

crystals.
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Fig. S2 Simulated and experimental PXRD patterns of crystal 1 and crystal 1a.
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Fig. S3 Asymmetric unit of crystal 1.
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Fig. S4 Schematic formation of ortho-bielongated square pyramid core geometry by face fusion

of two distorted elongated square pyramid.
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Fig. S5 Arrangement of x4 and w3 S with the Agu4 core.
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Fig. S6 The deconvolution of XPS data of (a) 3ds;2 and 3dz2 for Ag ; (b) 2psr2 and 2py2 for S
atom, (c) 1s for F atom, (d) 1s for N atom and (e) 1s for C atom of crystal 1.
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Fig. S7 'H NMR in CDCIs of (a) crystal 1, (b) aromatic region of crystal 1, (c) 4,4'-
azopyridine, and (d) [AgS-'Bu]n.
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Fig. S8 °F NMR in CDCl; of (a) crystal 1 and (b) AgCFsCOO.
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Fig. S9 (a) Solid-state UV-vis absorbance of crystal 1 and (b) its characteristic band gap

energy.
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Fig. S10 (a) Solid-state UV-vis absorbance and (b) PXRD of crystal 1 in day one of synthesis

and after 90 days of synthesis.
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Fig. S11 UV-vis absorbance of crystal 1 and the precursors in E/A medium.
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Fig. S12 Theoretically simulated absorbance spectra for the molecular unit of the crystals using
time-dependent density functional theory (TDDFT) calculations by the Gaussian 09 program.
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267 nm

314 nm

Fig. S13 Molecular Orbitals involved in optical transitions of crystal 1 in ethanol/acetonitrile
solvent mixture. Colour code: Ag (large Cyan), S (yellow), O (red), N (blue), F (small Cyan),
C (gray), H (white).
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Fig. S14 PL excitation and emission of crystal 1 in (a) E/A and (b) E/C medium.
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Fig. S15 (a) PL of crystal 1 dissolving in different solvents and (b) dissolving in different ratios
of the ethanol/acetonitrile (E/A), ethanol/chloroform (E/C), and mix of three solvents

ethanol/acetonitrile/ chloroform (E/A/C).

S24



267 nm

321 nm

Fig. S16 Molecular Orbitals involved in optical transitions of crystal 1 in ethanol/chloroform
solvent mixture. Colour code: Ag (large Cyan), S (yellow), O (red), N (blue), F (small Cyan),
C (gray), H (white).
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Fig. S17 TCSPC trajectories of crystal 1 in ethanol/chloroform mixture.
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DFT optimized energy with optPBE vdW method: -4178.837 eV

Fig. S18 Relative stability of (a) crystal 1 and (b) crystal 1a obtained from DFT calculations.
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Fig. S19 Dihedral angle between linker and core in (a) crystal 1 and (b) crystal 1a. The methyl
groups are omitted for clarity.

S28



For crystal 1

Nr Typ Res Donor --- H....Acceptor [ ARU ] D-H H...A D...A D - H...A AvoHo o AT A JHo AT
1 Intra 1 €3 --HO1H ..04 [ ] 0.96 2.54 3.45(2) 158
2 1 C29 --H25 ..04 [ 2655.01] 0.93 2.58 3.280(16) 133
3 Intra 1 C25 --H28 ..02 [ ] 0.93 2.54 3.200(15) 128
For crystal 1a
Nr Typ Res Donor --- H....Acceptor [ ARU ] D-H Heo oA D...A D - H...A BoaHo A% AT L o HL A"
1 Intra 1 C3 --H3C ..04 [ 1 9.96 2.55 3.453(13) 156
2 1 C6 --Hé6B ..F4 [ 2555.01] 0.96 2.54 3.424(11) 153
3 Intra 1 C25 ==H25 ..02 [ ] 9.93 2.54 3.199(11) 128
4 1 C29 --H29 ..04 [ 2555.01] 0.93 2.55 3.255(10) 132

Fig. S20 Inter-cluster C-H...F interaction of (a) crystal 1 and (b) crystal 1a and corresponding

crystallographic C-H...F interaction.
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Fig. S21 The deconvolution of XPS data of (a) 3ds;2 and 3ds2 for Ag, (b) 2ps2 and 2py2 for S

atom, (c) 1s for F atom inset showing the difference of binding energy of both crystals, (d) 1s
for N atom and (e) 1s for C atom of crystal 1a.
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Fig. S22 (a) FT-IR spectra of crystal 1. The peaks between 2800 and 3000 cm™ correspond to
the vc-n stretching frequency of terminal tert-butyl groups of thiolate ligand, peaks at 1662 and
1587 cm™ correspond to the vc=o stretching frequency of trifluoroacetate and vc-n Stretching
frequency from the linker molecules respectively (Fig. S5). The peaks at 1456 and 1357 cm
correspond to the ve.n bending vibrations and peaks at 1406 and 1193-1138 cm™ correspond
to the vn=n stretching vibration and vcr stretching frequency, peaks at 837 and 725 cm™
correspond to the vc=c Stretching vibrations and peak at 569 cm™ corresponds to the Ag-S

stretching vibrations. (b) FT-IR spectra of crystal 1a, inset showing the peak-broadening in
comparison with crystal 1.

S31



100 - — Crystal 1
— Crystal 1a

90

80

Weight (%)

70+

60 +

-

50

I ' | b} 1 v I ' ! '
100 200 300 400 500 600
Temperature (°C)

Fig. S23 TGA of both crystal 1 and crystal 1a.
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Fig. S24 (a) Solid-state UV-vis absorbance of crystal 1a and (b) its characteristic band gap

energy.
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Fig. S25 Solid-state PL of both crystal 1 and crystal 1a.
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Fig. S26 Schematic representation of interchanging behavior of both crystal 1 and crystal 1a

in the different solvent mixture.
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Fig. S27 Dynamics of crystal 1 in E/C towards the highest PL intensity.
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Fig. S28 Dynamics of crystal 1a in E/A towards the lowest PL intensity.
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Fig. S29 FT-IR spectra of crystal 1 and crystal 1a in their respective solvent mixtures.
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Fig. S30 PA signal strength of both solution of crystal 1 at different wavelength.

S39



0.10

0.08 -

o

o

(=}
I

0.04 -

PA Signal Strength (Volt)

0.02

0.00 -

Water

D without pre-illumination
- with pre-illumination

E/A E/C

Fig. S31 PA signal strength of the solvents for control.
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Fig. S32 Schematic representation of pre-illumination PA signal detection technique adapted
in the AR-PAM imaging system. Inset depicts a typical (optical) photograph of the (plastic)
tube being fixed in a base. During the experiments with the AR-PAM imaging system, the
sample solution of interest (nanocluster, in our case) was introduced through the tube.
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