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ABSTRACT: The triplet excited state of a new crystalline form of a

tetranuclear coordination d'°—d'’-type complex, Ag,Cu,L, (L = 2- - \

diphenylphosphino-3-methylindole ligand), containing Ag' and Cu'

metal centers has been explored using the Laue pump—probe A\

technique with &80 ps time resolution. The relatively short lifetime As

of 1 us is accompanied by significant photoinduced structural changes,

as large as the Agl--Cu2 distance shortening by 0.59(3) A. The results .
u

show a pronounced strengthening of the argentophilic interactions
and formation of new Ag--Cu bonds on excitation. Theoretical
calculations indicate that the structural changes are due to a ligand-to-
metal charge transfer (LMCT) strengthening the Ag---Ag interaction,
mainly occurring from the methylindole ligands to the silver metal
centers. QM/MM optimizations of the ground and excited states of the complex support the experimental results. Comparison
with isolated molecule optimizations demonstrates the restricting effect of the crystalline matrix on photoinduced distortions.
The work represents the first time-resolved Laue diffraction study of a heteronuclear coordination complex and provides new
information on the nature of photoresponse of coinage metal complexes, which have been the subject of extensive studies.

emissive states.”'>**** Thus, information on structural changes
and charge transfer (CT) occurring on excitation is relevant for
rational design of new materials. Such information is now
becoming available. Time-resolved X-ray absorption techniques
have been employed to obtain local information, in particular
on changes in the coordination of the fluorescing atoms.

1. INTRODUCTION

Coordination complexes of coinage metals have attracted
considerable attention thanks to their rich electronic and
luminescent properties, which are of importance in the design
of molecular devices and functional materials.'~” Among this

class of compounds, polynuclear d'® complexes exhibit a
considerable structural diversity. Their photochemical proper-
ties can be modified by the choice of ligands and/or by
variation of the number of metal centers, thereby allowing fine-
tuning of the HOMO LUMO energy levels and the resulting
luminescence.® '* Various d'° gold complexes show short
metal---metal contacts. Schmidbaur introduced the term
aurophilicity’® for the Au--Au interactions, which involve
important electron correlation/dispersion forces and relativistic
effects, analyzed in detail by Pyykkd in a series of articles."*™ "
Somewhat weaker, but still important, argentophilic and
cuprophilic interactions have been recognized in numerous
studies.>”~"7"*7*! A number of examples of short argentophilic
contacts down to 2.637(1) A, found in [Et,N],[(Ag-
(Sn,B;H,,)bipy),],*' have been rezported 92U 10 partic-
ular, heterometallic complexes”'>*****~% have recently
attracted interest because of their efficient luminescence.

The short metallophilic contacts encountered in these
complexes considerably affect the nature of the lowest lying
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Among the complexes studied are those of Ru", Ni', and
Fell 5055

More detailed analysis of excited-state structures of short-
lived species in the solid state is possible by exploitation of
synchrotron sources combined with advanced experimental
methods.*® Recent advances in application of the pink-Laue
time-resolved (TR) synchrotron technique,®”~ 0 usmg modl-
fied data collection®" and data processing procedures,”>~** have
speeded the application of the method, which is, by its nature,
limited by the ~100 ps temporal resolution of synchrotron
sources. However, this resolution suffices for the study of
phosphorescence and many fluorescence processes. Several
such studies have now been reported.””%°~%

We here report the first synchrotron TR diffraction study of a
polynuclear d'°—d"° coordination compound (Ag,Cu,L,, L = 2-
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diphenylphosphino-3-methylindole ligand; 1) (Figure 1).
Results are compared with those of parallel theoretical
calculations using time-dependent DFT (TDDFT) and the
quantum-mechanics/molecular-mechanics (QM/MM) meth-
ods.

(@)

Figure 1. (a) Ground-state molecular structure of the Ag,Cu,L,
complex (1) (Ag--Ag and two shorter Ag-Cu interactions are
shown in bold). (b) Packing diagram of the new solvent-free crystal
form of 1.

2. EXPERIMENTAL SECTION

2.1. Crystal Synthesis and Ground-State Structure Determi-
nation. Synthesis of the Ag,Cu,L, complex was carried out according
to a literature procedure.*” A solvent-free crystal form was obtained by
replacing chloroform (CHC;) with methylene dichloride (CH,CL,)
during the crystallization process. Its crystal structure was determined
using standard single-crystal X-ray methods at 90 K. Details on the X-
ray diffraction data collection and processing are described in the
Supporting Information. Similar to that for the previously reported
structure, the new crystal form belongs to the PT space group with one
molecule in the asymmetric part of the unit cell.” Crystal packing is
shown in Figure 1b. Geometric features of 1 are very similar in both
solid forms.

2.2. Spectroscopy. A solution of complex 1 in methylene
dichloride is reported to show absorption maxima at 290 and 450
nm.*’ A broad absorption band in a wavelength range extending up to
550 nm occurs in the solid-state spectrum (Figure Sla, Supporting

Information). Both chloroform-solvated and solvent-free crystals are
red luminescent materials with room temperature emission maxima at
650 nm upon excitation with ~350—400 nm light (Figure S1b,
Supporting Information). The emission maximum also occurs at the
same wavelength at 90 K, at which the decay is biexponential (Figure
S1c, Supporting Information) with lifetimes of 0.16(1) and 0.98(1) us.
The large Stokes shift is typical for a significant structural
rearrangement, while the close to microsecond lifetime of the second
emission indicates a triplet excited state. Further details are presented
in Section 1.1 of the Supporting Information.

2.3. Time-Resolved X-ray Diffraction. Laue data sets were
collected at a 15 keV undulator setting, which corresponds to a 4 range
of ~#0.8—1.1 A.5” Small crystals, of 220 X 30 X 70 um?® average size,
were used in order to minimize inhomogeneous exposure of the
sample due to lack of penetration of the laser beam. The sample was
excited with 38 ps, 390 nm laser pulses from a Ti:sapphire laser with a
power of 0.25—0.50 mJ-mm™> per pulse. It was subsequently probed
by the ~80 ps wide X-ray pulse with a pump—probe delay of 100 ps.
For each set of angles, alternate ON and OFF frames were collected
repeatedly to improve the statistics of the experimental intensity
ratios®” (I°N/I°™), as described in Kalinowski et al®> Four good
quality data sets were collected and processed with the LAUEUTIL
toolkit,*>*>

2.4. Refinement of the Laser-Induced Response. Refinements
with the program LASER® are based on the intensity ratios (I°N/I°F)
with separate population and temperature scale factors for each of the
data sets (Supporting Information). The random excited-state
distribution model”" was used in the refinement. Positions of the
strongly scattering metal atoms were freely refined, whereas the eight
ligand fragments, i.e., four methylindoles and four phenylphosphines,
were treated as rigid bodies anchored on the respective nitrogen and
phosphorus atoms. The ground-state geometry from the mono-
chromatic data was restricted as a rigid body in the LASER refinement.
Data refinement strategy of the structural changes based on the
response ratios consisted of several steps in which the Ag and Cu atom
positions, population factors, ligand positions, ligand orientations, and
temperature scale factors were refined alternately in blocks. In the final
step, all excited-state parameters were refined together with the
ground-state rigid body translational and rotational parameters. Full
details can be found in Section 1.4 of the Supporting Information.

2.5. Theoretical Calculations. In order to understand the nature
of the excitation and the effect of the confining crystal environment,

Table 1. Bond Distances, Valence Angles, and Atomic Shifts for the Light-OFF (GS) and Light-ON (ES) Structures Together

with the Computed Parameter Changes upon Light Exposure®

experiment theory (QM/MM) theory (isolated molecule)

bond dgsy/A e/ A Ad/A agsy/A e g/ A Ad/A diy/ A drp.xe/A Ad/A
Agl--Ag2 3.0345(2) 2.66(3) —0.38(3) 3.094 2.749 —0.345 3.329 2.795 —0.534
Agl--Cul 2.7640(2) 2.82(3) +0.06(3) 2.746 2.832 +0.086 2732 2.952 +0.220
Agl--Cu2 3.4655(2) 2.88(3) —0.59(3) 3.736 3.114 —0.622 3.891 2.960 —0.931
Ag2--Cul 32110(2) 2.93(3) —-0.29(3) 3.462 3.024 —0.438 3.891 2.959 —0.932
Ag2--Cu2 2.8043(2) 2.70(3) —0.10(3) 2.775 2.822 +0.047 2.732 2.953 +0.221

angle 055 y.. 7/ deg O y..7/deg AB)/deg 08y, /deg OBy . /deg  AO/deg 0Py, /deg Oy .,/deg  Af/deg

Agl--Cul-Ag2 60.495(4) 54.33(1) —-6.16(1) 5845 55.89 —2.56 57.18 56.43 —-0.75
Cul--Ag2--Cu2 124.072(7) 125.80(1) +1.72(1) 125.88 126.05 +0.17 119.55 123.57 +4.02
Ag2--Cu2---Agl 56.720(4) 56.09(1) —0.63(1) 54.37 54.91 +0.54 57.19 56.41 —-0.78
Cu2---Agl--Cul 116.724(7) 123.09(1) +6.36(1) 117.43 122.35 +4.92 119.57 123.59 +4.02

atomic shifts szl e I\

Agl — AglE 0.30(2) 043

Ag2 — Ag2E 0.27(1) 0.39

Cul — CulE 0.09(2) 0.10

Cu2 — Cu2E 0.33(2) 0.26

“GS atoms are labeled as in the original structure; ES atoms are denoted with the letter E. Parameter changes are the differences between ES and GS
geometries. The experimental values are compared with the analogous results obtained with the QM/MM approach and with isolated-molecule

optimizations.
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Figure 2. (a) Photodifference map (FON — FO™F) of complex 1 showing atomic shifts upon excitation (solid isosurfaces, +0.55 e-A™>;
semitransparent, +0.35 e:A™%; blue, positive; red, negative). (b) Refined excited-state geometry related to that of the ground-state crystal structure
(green, ground state; red, excited state; methylindole ligands were omitted for clarity). (c) Photodeformation map (FON — FOFF) of 1 based on the
refined model parameters (isosurfaces, + 0.30 e-A™%; blue, positive; red, negative; ks = 1.06).

three types of calculations were performed. They include time-
dependent DFT (TDDFT) computations of the spectroscopic
transitions’>”> using the GS experimental geometry, with the C—H
bond distances fixed at neutron-normalized values,”*”* and isolated
molecule and QM/MM”5~”® optimizations of both the GS and ES to
account for the effect of the surrounding crystal lattice. The PBEO
functional®®®! and LANL2DZ basis set®*™** were used in the analyses
with the GAUSSIAN package.®® Results are listed in Table 1. The
Hirshfeld*” and Bader atom charges and topological properties®® were
calculated with the ADF package8 =93 at the DFT(BP86)/TZP level of
theory”**® with the zero-order regular approximation (ZORA).”*~'%
Further details on the calculations are given in Section 1.5 of the
Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Photodifference Maps. Photodifference
57,104—106 : . L .
maps are a prime tool for deriving an initial starting
structure for subsequent least-squares refinement. As shown in
Figure 2a, pronounced peaks occur in the vicinity of the silver
atoms and the Cu2 copper atom, whereas the features near Cul
are much weaker. The location of the positive peaks is a sign

that the bonds between the Ag and Cu atoms shorten on

Table 2. TDDFT-Calculated Main Orbital Contributions to
the LMCT Singlet—Singlet Transitions®

main orbital contributions E/eV A/nm f10*
HOMO — LUMO 2.6721 463.99 154
HOMO-1 - LUMO 2.7340 453.49 281
HOMO-2 — LUMO 2.8689 432.17 143
HOMO-3 — LUMO 2.9573 419.25 34

“E, energy; f, oscillator strength.

excitation, leading to a rhomb-shaped rather than the Z-shaped
arrangement of the metal atoms observed in the ground state.
This conclusion is confirmed by the subsequent least-squares
refinement with the program LASER.”

3.2. Refinement Results. In the structural refinement
performed with the program LASER, the temperature changes
of the crystals upon irradiation are accounted for by a
temperature scale factor kg multiplying all GS thermal
parameters (USN = kB-UgFF). kg ranged from 1.035 to 1.064
in the four data sets collected (Table SS, Supporting
Information), which, in the classical harmonic limit, corre-
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HOMO

HOMO-1

Figure 3. Composite picture of the molecular orbitals with the most significant contribution to the LMCT transition (PBE0/LANL2DZ). +0.06 au
contours; left panel, view along Ag2 — Agl direction showing a composite of the four highest occupied MOs; right panel, top view. Phenyl rings are

omitted for clarity.

Table 3. Decomposition of Selected Molecular Orbitals into
Atomic and Ligand Percentage Contributions”

orbital LUMO

—1.64
24%
23%
7%
6%
1%
1%
1%
1%
10%
7%
10%
9%

HOMO HOMO-1

=5.08 =513
0% 0%
0% 0%
0% 5%
5% 0%
70% 3%
1% 67%
20% 0%
0% 23%
0% 1%
1% 0%
P3 ligand 0% 0%
P4 ligand 0% 0%

“PBE0/LANL2DZ level of theory.

HOMO-2

—5.23
0%
0%
0%
4%
19%
4%
68%
4%
0%
0%
0%
0%

HOMO-3

—-5.34
0%
0%
4%
0%
1%
22%
6%
64%
0%
0%
0%
0%

energy, E/eV
Agl

Ag2

Cul

Cu2

N1 indole
N2 indole
N3 indole
N4 indole
P1 ligand
P2 ligand

sponds to a 3—6 K temperature increase, in good agreement
with the slope of the photo-Wilson plot'®” obtained prior to the
refinement. The refined population of the excited-state species
ranged from 0.5 to 1.7% in the four data sets (Table SS,
Supporting Information). The small conversion percentage is a
result of the need to keep the laser power down to prevent
frequent loss of the sample crystals, but it is also a result of the
moderate quantum yield of emission reported previously.*” The
most relevant geometrical parameters are summarized in Table
1. Additional refinement details are listed in the Supporting
Information.

As anticipated from the large Stokes shift, the observed
changes on excitation are considerable, reaching 0.59(3) and
0.38(3) A for the Agl-+Cu2 and Agl--Ag2 distances,
respectively. The changes in position of the lightly scattering
P and N atoms are less significant given the large standard
deviations estimated both for the atomic shifts (especially of N
atoms) and for the rigid-body rotations (Supporting
Information).

A considerable contraction on excitation from 3.0345(2) to
2.66(3) A is observed for the Ag--Ag distance. The resulting
excited bond length is far below the sum of the corresponding
van der Waals radii (3.44 A),'* but it is comparable to those of
some strong argentophilic ground-state contacts reported, such
as 2.637(1) A found in [Et,N],[(Ag(Sn,B; H,,)bipy),]*' and
2.725(1) Ain [(u-NHC),Ag,] (BE,);."” In turn, the GS value is
characteristic for weakly interacting silver centers,>"*%1%

The large contraction of the long Agl---Cu2 and Ag2---Cul
distances and the slight elongation of the short Agl---Cul have
the effect almost equalizing all Ag--Cu contacts at values
shorter than the sum of the corresponding van der Waals radii.
Collectively, this results in a dramatic change of the Z-shaped
GS geometry of the complex in the crystal to a rhomb-shaped
pattern of the metal atoms in the excited state (Figure 2b). The
photodeformation map (Figure 2c), calculated with the refined
model parameters, shows the significant atomic shifts. The large
geometrical changes upon excitation provide an explanation for
the easy breakdown of the crystals in the laser beam noticed
earlier.

3.3. Theoretical Analysis. The TDDFT calculations,
performed both at the BP86/TZP level of theory with ZORA

Table 4. Electron Density (@) and Laplacian (V@) Values at BCPs Calculated for the Experimental and QM/MM-Optimized

GS and ES Geometries”

experimental geometry

QM/MM geometry

GS ES GS ES
bond Q(rBCP)/e'A_3 VZQ(rBCP)/e'A_S Q(rBCP)/e'A_3 VZQ(rBCP)/e'A_S 0(racp) /e-A7 VZQ (rBCP)/e'A_S Q(rBCP)/e'A_3 VZQ (rBCP)/e'A_S
Agl-Ag2 0.147 1292 0.322 2.793 0.131 1.129 0.270 2215
Agl--Cul 0.204 1.585 0.193 1.351 0.207 1.655 0.184 1333
Agl--Cu2 b b 0.184 1.170 b b 0.130 0.670
Ag2--Cul 0.105¢ 0.661¢ 0.166 1.065 b b 0.143 0.842
Ag2--Cu2 0.191 1.441 0233 1.861 0.198 1.519 0.187 1.360

“DFT(BP86)/TZP/ZORA level of theory. “No BCP found. “The electron density and Laplacian values are significantly smaller (ca. factor of 2) than

that for other Ag:--Cu interactions.
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Table 5. Hirshfeld (Qy) and QTAIM Bader (Qg) Atomic and Ligand Charges Computed at the Experimental Geometries of the

Ground State (GS) and Excited States (ES) at the DFT(BP86)/TZP/ZORA Level of Theory”

atom/ligand Q5 /e QE/e
Agl +0.144 +0.063
Ag2 +0.130 +0.059
Cul +0.209 +0.203
Cu2 +0.212 +0.205
P1 ligand +0.193 +0.146
P2 ligand +0.186 +0.164
P3 ligand +0.196 +0.160
P4 ligand +0.211 +0.131
N1 indole —0.351 —-0.276
N2 indole —0.374 —0.268
N3 indole —0.382 —-0.297
N4 indole —-0.373 —0.289

AQy/e Q5 /e QS/e AQg/e
—0.081 +0.165 +0.034 —-0.131
—0.071 +0.125 +0.008 —0.117
—0.006 +0.538 +0.555 +0.018
—0.007 +0.539 +0.556 +0.017
—0.047 +0.639 +0.425 —0.214
—0.022 +0.644 +0.578 —0.066
—0.036 +0.652 +0.556 —0.096
—0.081 +0.663 +0.506 —-0.157
+0.075 —1.001 —0.742 +0.260
+0.106 —0.989 —0.796 +0.193
+0.085 —0.988 —0.850 +0.138
+0.085 —0.984 —0.830 +0.154

“Charge changes (AQ) are the differences between ES and GS.

Figure 4. Molecule shell used in the QM/MM calculations (green,
central molecule; gray, shell of 13 molecules within a radius of 10 A).
The input files were prepared with the aid of the CLUSTERGEN

8
pr ogram.7

and PBEO/LANL2DZ, show that the main transitions involve
excitations from each of the four of the highest occupied
molecular orbitals (HOMO, HOMO-1, HOMO-2, and
HOMO-3; Table 2 and Supporting Information), which are
mainly located on each of the four indole ligands, as illustrated
in Figure 3. These orbitals consists generally of the p atomic
orbitals of the indole carbon and nitrogen atoms, as shown in
Tables 3 and S11, with some minor d,, contributions from the
Cu atoms (coordinate system: Z along the Agl — Ag2
direction, X axis perpendicular, and Y axis parallel to the metal
atom’s mean plane, as illustrated in Figure SS).

The cluster-centered lowest unoccupied molecular orbital
(LUMO) is the acceptor in the four lowest energy transitions,
which have the largest oscillator strengths in the visible region
(Table 2). The LUMO is centered on the Ag,Cu, core and
involves the Ss and Sp, atomic Ag orbitals, with relative
contributions of 8 and 13% on each Ag atom, respectively,
directed along the Ag—Ag axis (Figure 3, Table S11). The
resulting transition, which corresponds to a ligand-to-metal
charge transfer (LMCT) strengthening the Ag---Ag interaction,
is similar to that reported for an Au,Ag, cluster by Laguna et

al.” The estimated contribution of the silver atomic orbitals to
the LUMO reaches about 50%, while the remaining percentage
is accounted for mostly by the 3d,>_, orbitals of the Cu atoms
and p orbitals of the phosphine ligands (Tables 3 and S11).
The results indicate po-bond formation between the two silver
centers. The d orbitals on the silver atom do not contribute to
the transition, as reported for other cases.*’***” & bond
formation upon excitation was also suggested for other
complexes of the kind.***

Quantum theory of atoms in molecules (QTAIM) analysis of
the charge density in both the GS and ES, based on the
experimentally determined geometries, shows an increase in the
positive Laplacian at the Ag--Ag bond critical point (BCP)
between the GS and ES from 1.29 to 2.79 e:A™>. The electron
density at this BCP rises from 0.15 to 0.32 e-A™>. The latter
value is comparable with those reported in the literature for
stable metal---metal bonds."'*""'* A corresponding increase is
calculated for the Agl-Cu2 and Ag2---Cul interactions (Table
4). According to the topological analysis, both the GS Agl--
Cu2 and Ag2---Cul contacts become weak intermetallic bonds.
All of the Ag---Ag and Ag---Cu interactions can be classified as
being of the closed-shell type.

Net charges in the GS and ES are summarized in Table S. As
mentioned above, the observed low-energy charge transfer can
be described as a LMCT, i.e, 7 — o, what is typical for this
class of compounds.** The indole fragments are the charge
donors, whereas the silver atoms and, to much a lesser degree,
phosphine groups bonded to Ag are the CT acceptors. The two
copper atoms are also affected by the charge transfer as their d-
orbital populations change, although their atomic charges
remain essentially unchanged. The charges on the Ag atoms
change the most. The Bader positive charges decrease by
~0.12—0.13 e difference on each of the Ag atoms, whereas the
Hirshfeld charges become 0.07—0.08 e less positive on
excitation. The decrease in positive charge of silver atoms
upon excitation supports the charge transfer leading to
shortening of the bond in the ES structure due to population
of the Ag—Ag o-bonding orbitals.

3.4. Lattice Effect on Light-Induced Distortions. The
strong influence of the lattice on the distortion becomes
evident when the surrounding lattice is included as is the case
in the QM/MM approach (Figure 4). As is clear from Table 1,
the observed distortions require the QM/MM theoretical
treatment to achieve a reasonably faithful agreement with the
observed values. The agreement between theory and experi-
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ment of the distance changes is, with one exception, within
three times the experimental standard deviations. The
exception occurs for the Ag2---Cul distance, which contracts
by 0.29(3) A according to the experiment, compared with
0.438 A according to the QM/MM calculation. This
discrepancy between the QM/MM and experimental results
may be due to the assumed rigidity of the molecular
surrounding and the details of the DFT method and force
field employed.

The dominant effect of the surrounding lattice is evident
from the geometry as calculated for the isolated molecule
(Table 1). As may be expected, in both the singlet and triplet
states of the isolated molecule the two copper and silver centers
are located symmetrically, leading to either a perfect Z- or
parallelogram-type shape, the latter very close to rhombic. In
the experimental GS and ES, the molecules are distorted from
their ideal symmetry. The Cu2 atom shifts by over 0.30 A on
excitation, whereas Cul moves by not more than 0.10 A (Table
1). This difference is reproduced by the QM/MM
optimizations and attributed to differences in the intermolec-
ular interactions. Analysis of the effect of the intermolecular
interactions on both the equilibrium and the excited-state
structures is clearly of interest but is beyond the scope of the
current study.

4. SUMMARY AND CONCLUSIONS

The time-resolved synchrotron pump—probe study of the
heteronuclear coinage metal complex with an Ag,Cu, core
shows a very large contraction of the core on photoinduced
excitation, with the core changing from a Z-shaped pattern to a
close-to-rhombic arrangement and the argentophilic interaction
contracting from 3.0345(2) to 2.66(3) A. Theoretical
calculations confirm that the contraction is due to LMCT
from the methylindole ligands to o(sp,) orbitals on the silver
atoms. The structural change is much better reproduced by the
QM/MM calculations than by the theoretical treatment of the
isolated complex, indicating the pronounced effect of the solid-
state environment on photochemical properties, which cannot
be ignored in the design of solid-state-based devices. Because
coinage metal complexes show a very large structural variety
and interesting unconventional photophysical properties,
turther studies of the type described here are called for.
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Details on solid-state spectroscopy, crystallographic data
collection and refinement, TR data collection, data processing
and refinement procedure, computational methods and results,
and a CIF file. This material is available free of charge via the
Internet at http://pubs.acs.org.
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