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ABSTRACT: Two noncentrosymmetric compounds, namely,
[N-Bz-Py],[Cugls] (1) and [N-Bz-Py],[Ag,l;;] (2) (N-Bz-Py"
= N-benzylpyridinium), with three-dimensional open frame-
works, were synthesized solvothermally via in situ benzylation
of pyridine. 1 is constructed from 3-connected Cusl,
secondary building units (SBUs) with chiral (10,3)-a topology,
while the occluded N-Bz-Py" forms a complementary
supramolecular (10,3)-a net via z—n interactions. 2 is
characteristic of acentric connections of trimeric Agsl; and
hexamer Aggl,, SBU, while N-Bz-Py" in the channels
aggregates into asymmetrically supramolecular chains via
m—r interactions. Remarkable structural correlations imply
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the unique amplification and transfer of asymmetric information from V-shaped N-Bz-Py* to organic supramolecular nets and
inorganic frameworks, which are confirmed by their second harmonic generation responses. Adsorption spectra reveal their
semiconductive nature (2.52 eV for 1 and 3.02 eV for 2) and interesting reversible thermochromism for 1 based on the

intermolecular charge transfer.

1. INTRODUCTION

Directed synthesis has been widely used as an effective strategy
in the construction of functional materials. Noncentrosym-
metric (NCS) materials are of current interest and great
importance owing to their potential applications, such as
second-order nonlinear optics (NLO),' pyroelectricity,2
ferroelectricity,” piezoelectric,” enantioselective sorption, sepa-
ration, and catalysis.” Despite a lot of progress, rational
construction of NCS materials from achiral primary building
units (PBUs) is particularly difficult due to their unclear
mechanism, espec1ally in the field of organically directed
inorganic framework.® Generally, the occurrence of NCS
inorganic framework depends on three factors, crystallizing
habit of inorganic components,” spatial and electronic
configuration of structure directing agents (SDAs),”” and
their interactions.'® Instinctively, chiral templates are first
applied to impart their chirality and facilitate the formation of
chiral or acentric framework, which has achieved some success,
such as chiral gallophosphates directed by chiral or%amc
amines,” metal phosphates, germinates, "' and borates'

chiral metal complexes. Alternatively, some interesting but
challenging strategies based on the spontaneous resolutlon have
been noticed, 1nc1ud1ng chiral [CN;H][Sn,P;0,,]"* and NCS
(NH,),Te,WO;"* built from the asymmetric SnO;, TeO,, and
WOy, as well as chiral (NH,),[Zn(SO,),] and [Ti;Pc0,,]-
5[NH,CH,CH,NH,]-2[H;0], which resulted from low sym-
metrical linkages of PBU.'”'® Unfortunately, this kind of
spontaneous chiral resolution occurring within inorganic
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framework is usually difficult to predict. Therefore, it is still a
challenge how to rationally construct chiral or acentric
framework from achiral inorganic PBUs. SDAs as a crucial
factor not only play “space-filling” roles to modulate the
complexity and dimensions of inorganic framework'” but also
could exert their asymmetric impact on the resultant frame-
work, suggesting a potential route to the spontaneous chiral
resolution of inorganic framework and reasonable design of
NCS materials.

The iodides of d'* cation (Cu®, Ag") possess flexible y-I
linkage modes, local charge density, metallophillic interactions,
and electron-rich feature. These features could display more
sensitive response to the spatial and electronic configuration of
SDAs and be regarded as an ideal candidate for the structural
directing assembly of inorganic framework, in particular chiral
or acentric structures with multifunctional properties.

Herein, in situ derived chiral N-Bz-Py* cation was used as a
potential asymmetric source, and Cu/Ag iodides were used as
inorganic components to explore the symmetrically directing
effect of SDA on the iodocuprate and iodoargentate. Results
reveal that supramolecular aggregations of N-Bz-Py" realize the
amplification and transfer of cationic asymmetric information
and consequent assembly of chiral [N-Bz-Py],[Cugl,] (1) and
acentric [N-Bz-Py],[Agol;3] (2) with second harmonic
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generation (SHG) responses. Furthermore, the thermochromic
behavior of 1 is also investigated.

2. EXPERIMENTAL SECTION

Preparation of {[N-Bz-Pyl,[Cuglgl}, (1). A mixture of pyridine
(99.5 wt %, 0.051 g, 0.65 mmol), Cul (99 wt %, 0.570 g, 3.0 mmol),
and acetonitrile (99 wt %, 3.0 mL) was heated with concentrated HI
(0.37 mL, 1.95 mmol, 45%) and benzyl alcohol (98 wt %, 4.0 mL) in a
15 mL Teflon-lined stainless steel vessel for 3 d at 110 °C. The mother
liquor was stored at room temperature for 1 d to afford 1 as orange
block crystals. The yield was 46.32% yield based on Cu. Chemical
analysis indicates the contents of Cu and I as 21.91 and 58.39 wt %
(calculated: 21.95 and 58.45 wt %), giving the Cu/I molar ratio of 3:4.
Anal. Calcd for C,;H,,N,Cugls: C, 16.60; H, 1.39; N, 1.61%. Found:
C, 16.62; H, 1.38; N, 1.61%. IR (KBr, cm™"): v 3039(m), 2924(m),
2845(m), 1632(s), 1486(m), 1453(m), 1390(w), 1259(w), 1207(w),
1160(m), 1060(m), 745(m), 688(m), 562(m).

Preparation of {[N-Bz-Pyl;[Agol;3]}, (2). The procedure was
similar to the synthesis of compound 1, except that Agl (99 wt %,
0.70S g, 3.0 mmol) was used instead of Cul, and concentrated HI was
replaced by I, (99.8 wt %, 0.495 g, 1.95 mmol) and water (0.05 mL).
Pale-yellow block crystals were achieved in 40.83% yield (based on
Ag). Chemical analysis indicates the contents of Ag and I as 29.36 and
49.60 wt % (calculated: 29.41 and 49.67 wt %), giving the Ag/I molar
ratio of 9:13. Anal. Calcd for CyHsN,Agol;s: C, 17.46; H, 1.47; N,
1.70%. Found: C, 17.45; H, 147; N, 1.71%. IR (KBr, cm™): v
3050(m), 2926(m), 2852(w), 1631(s), 1478(s), 1442(m), 1396(w),
1345(m), 1284(w), 1214(m), 1151(m), 1020(m), 765(s), 679(s),
546(m).

As a green, effective, and economic way, in situ alkylation of
organic amines has been widely used for the synthesis of iodometallate
hybrids. Although [N-Bz-Py]* cations were formed in situ with benzyl
alcohol as N-alkylated reagent, 1 was prepared in the presence of HI
acid, pyridine, and benzyl alcohol under solvothermal conditions, while
2 could only be obtained in the presence of iodine and a small amount
of water instead of HI acid. The difference of synthetic conditions
exhibits distinct effects of inorganic components in the alkylation
process.

X-ray Crystallography. Crystallographic data were recorded at
293 K (for 1 and 2) and 100 K (for 1) on an Oxford Gemini
diffractometer using graphite monochromated Mo Ka (4 = 0.71073
A). An empirical absorption correction with spherical harmonics was
performed by SCALE3 ABSPACK scaling algorithm.”® All the three
structures were solved by direct methods and refined by full-matrix
least-squares techniques on F* performed with SHELXTL-97
program.”’ All non-hydrogen atoms were treated anisotropically.
The single-crystal data of 1 and 2 are detailedly described in Table 1.
Selected bond lengths and bond angles are listed in Table S1 of the
Supporting Information.

Materials and Methods. All chemicals used in the synthesis were
commercially sourced and used without further purification. X-ray
powder diffraction (XRPD) patterns were collected using a Rigaku
Ultima IV—185 diffractometer. Elemental analyses (C, H, N) were
conducted on a Perkin-Elmer 240 elemental analyzer. Inductively
coupled plasma (ICP) analyses were performed on a Perkin-Elmer
2400 Elemental Anal. FT-IR spectra (4000—400 cm ™) were obtained
with a Nicolet SDX spectrometer by use of KBr pellets. UV—vis diffuse
reflectance spectrum was performed on a Varian Cary 5000 UV—vis
spectrophotometer at room temperature and at 77 K. Thermogravi-
metric experiments were performed using an HTG-3 equipment in air
in the range of 25—920 °C at 10 °C-min™".

Second Harmonic Generation Measurements. SHG responses
were measured on the polycrystalline powder samples of 1 and 2 and
estimated by the method of Kurtz and Perry with Q-switched Nd:YAG
lasers with 4 = 1064 nm.*> The samples were ground and sieved into
several different particle-size ranges of 25—40, 40—63, 63—80, 80—125,
125—150, 150—200, and 200—300 um. Meanwhile, the potassium
dihydrogen phosphate (KDP) powder was sieved into the same
particle-size ranges as the reference. Then they were pressed between
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Table 1. Crystal Data and Structure Refinement for
Compounds 1 and 2

compound 1 2
CCDC code 1060214 1060213 1060215
temperature 293(2) K 100(2) K 293(2) K
formula Cy4H,4N,Cuglg C24H,4N,Cuglg CasHisNiAg L
formula weight 1736.89 1736.89 3300.43
crystal size (mm)  0.18 X 0.10 X 0.18 X 0.10 X 0.17 X 0.11 X

0.09 0.09 0.09

crystal system orthorhombic orthorhombic monoclinic

space group P2,2,2, P2,2,2, Cc

a (A) 14.4193(7) 14.2237(5) 22.5616(13)

b (A) 14.7830(7) 14.7140(4) 15.4537(8)

¢ (A) 17.2685(9) 17.1597(4) 21.8953(13)

a (deg) 90 90 90

B (deg) 90 90 111.133(7)

7 (deg) 90 90 90

V (A% 3681.0(3) 3591.29(18) 7120.6(7)

V4 4 4 4

D, (g em™) 3.134 3212 3.079

F (000) 3120 3120 5900

p (mm™") Flack 10.133 — 10.386 0.04(3) 8.089 — 0.04(3)
parameter 0.04(4)

reflections 11 023 10 844 16 004
collected

unique reflections 7049 6424 10512

Rint 0.0443 0.0316 0.0284

goodness-of-fit 1.001 1.047 1.039
on F?

R1/wR2, 0.0415, 0.0769 0.0310, 0.0608 0.0425, 0.0993
1> 20,]""

R1/wR2 (all data) 0.0477, 0.0816  0.0354, 0.0628  0.0519, 0.1076

APy APrmin 1.851, —1.356 0.974, —1.146 3.221, —1.216
(e A7)

“R, = YIF| — IEJl/YIF. *wR, = [Yw(F,2 — F2)?/ Y w(F,2)*]V2

glass slides and secured with tape in aluminum holders (1 mm
thickness) containing a hole (8 mm diameter). The ratio of the SHG
effect was obtained based on the density of SHG outputs of 1, 2, and
KDP with the same particle-size range of 200—300 ym (Figure S1,
Supporting Information).

3. RESULTS AND DISCUSSION

3.1. Infrared Spectral Aspects. The IR spectra of 1 and 2
(Figure S2) show similar features due to the existence of N-Bz-
Py’ cations. The medium bands at ~2930 cm™" are assigned to
C—H stretching vibrations of methylene groups, while those at
3040 cm™" (m) to C—H stretching vibrations of aromatic rings;
strong or medium peaks at ~1630, 1480, 1450, and 1060 cm™!
could indicate the presence of pyridyl or benzene group.”

3.2. Description of Structures. {[N-Bz-Py],[Cuglgl}, (1).
Compound 1 crystallizes in chiral space group P2,2,2, with a
Flack parameter of —0.04(4), revealing an enantiopure crystal
although its bulk product may be racemic. The asymmetric unit
of compound 1 contains six Cu(I) atoms and eight iodine
atoms together with two N-Bz-Py" cations (Figure 1). Each Cu
atom is coordinated by four ;-1 atoms to form a distorted
tetrahedral geometry. The Cu—I bond distances range from
2.6345(19) to 2.7430(16) A, and I-Cu—I bond angles vary
between 99.24(5)° and 117.74(7)°, deviating slightly from an
ideal tetrahedron. Cu---Cu distances are 2.733(2)—2.917(2) A,
among which the remarkably short contacts for Cu(2)—Cu(3)
(2.733(2) A) and Cu(2)—Cu(6) (2.749(2) A) are less than
twice the van der Waals radius (1.4 A) of Cu(I), implying Cu—
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Figure 1. Asymmetric unit diagram of 1.

Cu interactions. Cu(1), Cu(2), and Cu(3) or Cu(4), Cu(s)
and Cu(6)1, tetrahedral share edges to form an incomplete
cubane-like Cu,l, SBU A(B) (Figure 1). One A(B) links three
neighboring B(A) leadingg to a propellane-like chiral AB; (BA,)
motif with C; symmetry” (Figure 2a). Further connection gives
rise to a three-dimensional (3D) open framework with (10,3)-a
net (Figure 2b), one of the typical networks for chiral
spontaneous resolution, mainly reported in coordination
polymers® and [M(0x);]™~>* The V-shaped N-Bz-Py*
are occluded in 3D channels with dihedral angles of
74.288(432) and 87.141(471)°. There exist intermolecular
offset 77 interactions between phenyl and pyridyl ring of
adjacent molecules with centroid-to-centroid distances of
3.8512(2), 3.7912(2), and 4.1374(2) A, respectively, assem-
bling into a 3D (10,3)-a cationic supramolecular net with each
cation as a 3-connected node (Figure 2b,c). This comple-

mentary relationship with the inorganic framework exhibits
excellent symmetrical correlation.

{IN-Bz-Py],[Agol;3]}, (2). Compound 2 crystallizes in acentric
space group Cc. The asymmetric unit of compound 2 contains
nine Ag(I) atoms and 13 iodine atoms together with four N-Bz-
Py* cations (Figure 3). The Ag—I bond distances range from

Figure 3. Asymmetric unit diagram of 2.

2.7753(8) to 3.2376(8) A, and I—Ag—I bond angles vary
between 96.71(2) and 137.49(3), deviating slightly from an
ideal tetrahedron except for seriously distorted Ag(8)L,
tetrahedron with long Ag(8)—I(10) length (3.2376(8) A).
The Ag---Ag distances are in the range of 3.0332(9)—3.4545(9)
A. Except for Ag(7)—Ag(9) (3.4545(9) A), there exist
argentophilic interactions, which are longer than that of
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Figure 2. 3-connnected chiral inorganic motif (a), 3-connnected organic subunits via 7~z interactions (c), and interpenetrated anionic—cationic
(10,3)-a networks with opposite handedness formed from 1D small and giant helices (b) in 1. The 3-connected Cu,l; SBU and its connections are
represented as green spheres and black straight lines, respectively. The 3-connected organic subunits and its connections are represented by yellow

spheres and orange straight lines, respectively.
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sites for dimensinal extending

Figure 4. (a) 1D inorganic chain asymmetric connected by Aggl;, (A) and Agsl, (B) SBU of 2. (b) 2D layer via further asymmetric connection
between adjacent chains, showing acentric AB; (BA;) motifs of 2; (c) the cationic supramolecular chains extend along the inorganic channels (the N-
Bz-Py*, its connection and quasi-helicoidal axes are represented as blue spheres, green straight lines, and yellow stick, respectively). (d) A cationic

supramolecular chain with 3-connected units of 2.

metallic silver (2.88 A) but shorter than the van der Waals
radius sum of silver (3.44 A). The 3D inorganic framework of 2
is built from the alternatively acentric connections between
Aggl;, SBU (cluster A) and incomplete cubane-like Ag;l, SBU
(cluster B) similar to the Cuzl, SBU in 1 (Figure 4). In detail,
each A(B) is linked with three adjacent B(A) forming acentric
AB; (BA,;) inorganic motifs, further forming a 3D acentric
iodoargentate with an open framework filled by N-Bz-Py"
cations (Figure 4b,c). The dihedral angles of V-shaped N-Bz-
Py* are 61.156(225), 74.452(257), 79.680(213), and
82.797(235)°, respectively. Connected by offset 77 stacking
interactions (centroid-to-centroid distances: d; = 3.7730(2), d,
=3.9696(2), dy = 3.6199(1), and d, = 4.0260(2) A), N-Bz-Py"
assemble into a supramolecular quasi-threefold helical chain
with external appended N-Bz-Py" in a unilateral manner and 3-
connected units similar to 1 (Figure 4d).

3.3. Influences of N-Bz-Py* Cation on the Assembly of
Noncentrosymmetric Hybrids. Cationic supramolecular
aggregates have recently been demonstrated as actual and
active structure-directing entities.”® Compared with dipyridinio-
methane in [C;;H,N,],[Cu,ls],”” N-Bz-Py* cationic unique
spatial and electronic configuration and consequent supra-
molecular assembly of N-Bz-Py" cations realize the amplifica-
tion and transfer of asymmetric information and finally direct
the construction of two NCS iodometallates. In contrast to
chiral templates associated with configuration,®”"* chiral SDAs
associated with conformation such as N-Bz-Py" were rarely
reported in the directed synthesis of NCS materials.
Furthermore, remarkable structural differences reveal distinct
crystallizing habits™ of inorganic components, which also
witness unique NCS supramolecular assembly and diverse
structural matching abilities of N-Bz-Py*. Until now, most of
the reported ionic solids with homochiral (10,3)-a net were
metal oxalates with ready-made chiral metallic centers, while
templates only provide a chance for the chiral spontaneous
resolution of [M(0x);]©~™~ due to their appropriate symmetry
(D), charge, and size, such as tris-chelated transition-metal
complexes,”> supramolecular cations Ph;MeP**** and
{(Me,NH,)¢SO,}*.**" However, N-Bz-Py" cationic aggregates
with homochiral (10,3)-a net in 1 and acentric supramolecular
chains in 2 present rare and interesting examples due to their
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active charge, spatial and symmetrical directing effects on the
assembly of achiral inorganic building units.

3.4. Thermogravimetric Analyses. The thermal decom-
position behavior of 1 and 2 are exhibited in Figure S3. Two
compounds are thermally stable to 235 °C. They exhibit two
stages of weight losses in 1 and three stages in 2. The first stage
occurs in the range of 235—499 °C in 1 and 234—45S °C in 2,
probably corresponding to the loss of N-Bz-Py'I~ (Calcd:
34.03%; Found: 30.27% for 1, Calcd: 35.98%; Found: 28.32%
for 2). A slightly different temperature of 1 and 2 may be
attributed to the difference of the local environments and weak
interactions of cations.”” The weight loss in the range of 499—
572 °C for 1 and 534—800 and 800—900 °C for 2 is assigned to
the decomposition of iodometallate frameworks. Calcination
for 1 at 600 °C, for 2 at 900 °C, and further ICP analysis
indicate 79.82 wt % of Cu for 1 and 99.96 wt % of Ag for 2,
which are consistent with the assignment of CuO for 1 and
metal Ag for 2 (calculated: 79.87 and 100.00 wt %) and
percentage of residues CuO or Ag (Calcd: 27.54%; Found:
29.98% for 1, Calcd: 29.36%; Found: 31.14% for 2).

3.5. Second Harmonic Generation Measurement. As
shown in Figure 5, SHG measurements are type-I phase-
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Figure 5. Phase-matching curves, that is, particle size vs SHG intensity
of 1 and 2 at the wavelengths of 532 nm with KDP as a reference.
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matchable in UV regions by examining the effect of the sample
size on the SHG intensity.”” Their SHG responses (~2.8 times
and 0.4 times that of KDP for 1 and 2) reveal obvious chirality
or acentricity, which are additionally affected by possible
intermolecular charge separation between anionic framework
and pyridinium cations.”* The SHG response of 1 is much
stronger than that of 2, which is probably due to the difference
in structure and transition moment of inorganic framework,
which may need further verification. However, compared with a
good donor—acceptor chromophore such as stilbazolium
cations,"****" 1 and 2 show such slightly weaker responses.
Air-stable, insoluble in most solvents, and thermal stabilities
imply that two compounds may be a potential candidate for
second-order NLO materials.

3.6. Optical Absorption Spectra and Thermochromic
Property. The experimental XRPD pattern of 1 and 2 agrees
with the simulated one (Figure S4), proving that the as-
synthesized products are a single phase. The UV—vis diffuse
reflectance spectra of 1 and 2 were measured at room
temperature and at 77 K (Figure 6). The absorption (a/S)

—1 RT
6+ -1 TIK
] — 2 RT
5 -2 TIK
CulRT
. Ccul 77K
4 —BAgIRT
| ---- B AgI 77K
£ 34
2
14
04
T T T T T T T
200 300 400 500 600 700 800

Wavelength/nm

Figure 6. UV—vis diffuse reflectance spectrum for 1, 2, and Cul at
room temperature (RT) and at 77 K.

data were calculated on the reflectance data with the Kubelka—
Munk function. The band gaps (2.52 eV for 1 and 3.02 eV for
2) were evaluated with the straightforward extrapolation
method® based on Figure SS, suggesting a semiconductive
nature. Noteworthy, 1 exhibits 0.43 eV red shift with respect to
that of Cul (2.95 eV), and 2 is 0.21 eV blue-shifted compared
with bulk f-Agl (2.81 eV), revealing obvious intermolecular
charge transfer (CT) effect”** in 1, which is probably due to
the strong donating ability of iodocuprate framework, rich 7—z
interactions,”” and consequent packing modes.

As presented in Figure 7, compound 1 could change color
from orange (room temperature, RT) to yellow (liquid
nitrogen, 77 K) and gradually return to the initial color with
the temperature recovery. The comparisons of the single-crystal
data, XRPD patterns at RT and at 100 K (Table 1, Table S1,
and Figure $4) and UV—vis absorption spectra at RT and at 77
K (Figure 6) indicate no obvious structural change and shift of
absorption edge, which imply no phase change or association/
dissociation of CT complexes and effect of lattice contraction at
low temperature.” Different from the uniformly decrease of
absorption intensity for Cul, remarkably different decrease of
absorption from 400 to 530 nm is in good agreement with the
thermochromism of 1, which can be attributed to the
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Figure 7. Thermochromic behavior of 1: Digital photograph of a
crystal taken at room temperature (293 K) and temperature of liquid
nitrogen (77 K).

temperature effect directly on the population of intermolecular
CT rather than on structural variations.”**" Although
iodoargentate hybrids based on CT have been found in our
previous work,”"**" no thermochromic iodocuprate was
documented until now.

4. CONCLUSION

In summary, synthesis and characterization of two NCS 3D
iodides of d'° cation (Cu", Ag") hybrids present that judicious
choice of chiral SDAs and supramolecular assembly via multiple
noncovalent interactions can be used as an effective route for
the symmetrically related construction of NCS materials.
Furthermore, the hybridization of electronic-rich iodometallates
and electronic-deficient aromatic cations would be beneficial to
the research and development of multifunctional materials.
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