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Mixed mercury(i) halogenides have been known for a long time as good NLO (non-linear optic) materials.
The NLO properties are due to the halogen disposition in the solid state and the electron distribution
among the bonds formed by soft elements. We investigated the possibility of using HgBrl as a asymmetric
tecton in the preparation of noncentrosymmetric crystalline compounds, by exploiting the coordinating
power of Hg(i) toward N-donor ligands, and seven coordination complexes have been obtained. To
unravel the nature of these complex systems we combined the data from different techniques: Raman
spectroscopy, SC-XRD and Second Harmonic Generation, supported by a periodic DFT computational
approach. In HgBrl crystalline products with low symmetry, the presence of substitutional disorder leads
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Introduction

Mercury halogenides have been known for a very long time.
The antiseptic properties of corrosive sublimate (HgCl,) have
been widely exploited in surgery interventions and the study of
solid state mixtures of different mercury halogenides attracted
great interest at the beginning of the XX century." This pio-
neering research allowed the description of reliable phase dia-
grams of the HgBr,-HgI, mixed system which show a eutectic
point at 59% of HgBr, and 216.1 °C. Mercury(un) bromide
iodide (HgBrI) was first reported in 1869 by Oppenheimer, and
was obtained by a reaction between HgBr, and ethyl iodide.?
Later studies observed the formation of HgBrI as a component
of the equilibrium HgBr, + Hgl, = 2HgBII either in the gas®
or molten” phase or in solution,” and the formation constants
in different solvents were studied.®® The first diffraction data
were reported only in 1969, when a crystalline powder was
obtained from a solid state reaction between Hg,Br, and I,
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halogenides. These results indicate HgBrl as an interesting tecton to obtain metallorganic NLO materials.

suggesting the existence of pure HgBrl.” In 1974 Ammlung
and Brill'® carefully examined the literature about mixed
mercury(u) halogenides and collected the Raman spectra of
the products obtained by different synthetic routes and dis-
solved in different solvents. On the basis of these data, the
authors indicate that a ternary solid solution (HgBr,-HgBrI-
Hgl,) is always formed, also as a crystalline product. A contem-
porary paper of Nakashima et al."" reveals in detail the Raman
scattering of (HgBr,);_,(HgL,), mixed crystals: the bands
observed in the experimental spectrum were assigned to the
ternary solid solution and a correlation was observed between
the band intensity and the composition of the mixture.

In the 1990s attention was again focused on mixed
HgBr,I,_, crystals, proposed as candidate materials for the fab-
rication of X- and y-ray detectors. Crystals of a stable phase
(HgBry 161,86, the same composition of eutectic) have been
synthesised by Bridgman growth, with interesting photodetec-
tion properties.'> At the beginning of the new century,
mercury halogenides and chalcogenides received renewed
attention as possible infrared nonlinear optic (NLO) materials
suitable for use in the MIR spectral region because: (i) they
crystallise in noncentrosymmetric space groups; (ii) show a
wide IR transparency; and (iii) possess a large band gap, which
can improve the laser-induced damage thresholds.”® Three
different compounds have been reported (HgBrl, Hg,Brl; and
Hg,Br;I)'* and the structural parameters of the obtained
phases are quite similar. HgBrI crystallises in the noncentro-
symmetric Cmc2, space group, and the experimental intensity
of Second Harmonic Generation (SHG) of the powder samples

This journal is © The Royal Society of Chemistry 2022
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was 1.4 times stronger than that of potassium titanyl phos-
phate (KTiOPO,), a common standard material in NLO devi-
ces."™ The NLO properties of HgBrl have been examined by
means of a plane-waves periodic computational approach that
allowed the characterisation of the second-order susceptibility
tensor (¢*)."” The large NLO response of the HgX, and HgBrl
systems drove us to investigate the possibility of employing
HgBrl as a tecton to prepare asymmetric molecules, with the
goal to obtain noncentrosymmetric crystals.'® The four criteria
for organometallic NLO compounds are: (i) highly polarisable
n systems; (ii) easily polarisable metal atoms; (iii) asymmetric
metal coordination giving rise to an asymmetric electronic dis-
tribution at the metal centre; (iv) intense low-energy MLCT
(metal-to-ligand charge-transfer) bands.'” Mercury(n) is a d"°
easily polarisable metal ion and its mixed halogenides exhibit
asymmetric coordination, matching with three of the previous
criteria. With the aim of understanding the effects of HgBrI as
a building block, we decided to employ as © systems seven
unsubstituted polypyridyl ligands: 2'-bipyridine (bpy); 4,4"-
dimethyl-2,2"-bipyridine (dmbpy); 1,10-phenanthroline (phen);
2,9-dimethyl-1,10-phenathroline (dmphen); 2,2';6',2"-terpyri-
dine (terpy); 2,2-bipyrimidine (bpym); 2-(2"-pyridyl)-1,8-
naphthyridine (pyNP) (shown in Fig. 1). Mononuclear [Hg(L)
X,] complexes with these ligands have been reported'®>” and
complexes [Hg(phen)Br,] (9) and [Hg(terpy)Br,] (10) have been
synthesised and characterized in this work. The use of the
bpym ligand resulted in the formation of coordination poly-
mers, as previously described.”® All the compounds of Hg(m)
halogenides with the employed ligands crystallise in centro-
symmetric space groups (see Table 1).

In this paper, we propose an alternative preparation of
HgBrlI (1) by means of a mechano-chemical synthesis approach
followed by a recrystallization from acetone, and employed
pyridyl based ligands to obtain seven coordination complexes:
[Hg(bpy)BrI] (2); [Hg(dmbpy)BrI] (3); [Hg(phen)BrI] (4); [Hg
(dmphen)Br] (5); [Hg(terpy)Br1] (6); [Hg(bpym)Brl] (7) and [Hg
(pyNP)BrI] (8). All [Hg(L)BrI] complexes appear to be a solid
solution with [Hg(L)Br,] and [Hg(L)L,], as observed in HgBrlL.
To reach a proper description of these systems it was necessary
to combine structural SC-XRD characterization with Raman
spectroscopy and SHG measurements, supported by a periodic
DFT computational study. We tried to evaluate the relationship

bpy R=H phen R=H bpym
dmbpy R=CH; dmphen R=CH,
X
| Br
ZN
Hg
Z SN \|

PyNP

terpy

Fig. 1 Pyridyl based ligands L and their corresponding Hg(i) complexes
[Hg(L)Brll.
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Table 1 Space group of the Hg(in) halogenide complexes with the
employed pyridyl based-ligands

L Mg(l)c]  [HgUBr]  [HgUL]  [Hg(L)Br]
bpy c2/c'® P1” P1*° P1
dmbpy — P> Pbca* Pbca
phen — Pi P1*° p1?
dmphen P2,/c* P2,/c** c2/c*° C2/c
terpy P2,/c* 2/a c2/c*® 2/a

pyNP P2,/c” P17 P17 p1°
bpym* P2,/n*® P2,/n*® Pnma®® P2,/c

“ General formula [Hg,(bpym)X,],. © From experimental results (SHG).

between the structure and the second order properties thanks
to a NLO microscopy procedure.>®

Experimental
Materials and methods

All chemicals are commercial products of reagent-grade purity
and were used without further purification. HgBr, was pre-
pared and purified according to the literature procedure.’® The
ligand pyNP was synthesized according to the published
method.? All products have been characterised by SC-XRD,
Raman and ATR-FTIR spectroscopy and elemental analyses.
SHG emission was measured using two different methods: a
NLO multimodal microscope to get the SHG signal from a
single crystal at different excitation angles with a tested pro-
cedure,” and a specific excitation geometry over the powder
samples. Periodic simulations on the experimental supercells
were carried out with the CRYSTAL17 code.?® Details of the
employed procedures are described in the ESL{

(1) HgBrl. HgBr, (100 mg, 0.28 mmol) and HgI, (126 mg,
0.28 mmol), in a molar ratio of 1: 1, were ground in an agate
mortar for 10 minutes, and then some drops of acetone were
added. Kneading proceeded for about 60 minutes to allow for
completion of the reaction. A yellow crystalline powder was
finally obtained. The product was purified by sublimation, but
no difference with respect to the ground products was
observed. Powder diffraction data were recorded to check the
absence of starting reagents and the purity of the ground and
sublimed products by comparing the experimental and calcu-
lated powder patterns (shown in Fig. S1}). Crystals suitable for
SC-XRD were obtained from slow evaporation of the acetone
solution.

(2) [Hg(bpy)BrI]. According to the reported synthesis of
HgX, complexes,®® ethanol solutions of HgBrl (30.0 mg,
0.073 mmol in 20 ml) and bpy (11.5 mg, 0.073 mmol in 2 ml)
were mixed under stirring, with the immediate precipitation of
a white powder. The product was separated by decantation
from the mother solution and dissolved in warm ethanol.
From slow evaporation colourless crystals were obtained after
some days, suitable for SC-XRD. Elemental analysis (%): calc.
for HgBrIC,,N,Hg: C, 21.3; H, 1.4; N, 5.0; found: C, 22.1; H,
1.8; N, 4.7. ATR-FTIR (cm_l]: 1627 w, 1617 w, 1598 m, 1582 s,
1524 's, 1470 s, 1433 s, 1011 w, 993 w, 760 vs, 732 m, 721 m.
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(3) [Hg(dmbpy)BrI]. Solutions in acetonitrile of HgBrI
(26.8 mg, 0.066 mmol) and dmbpy (12.0 mg, 0.066 mmol)
were mixed under stirring. Immediately, a coalescent white
precipitate was formed. The product was separated by decanta-
tion from the mother solution and dissolved in warm MeCN.
From slow evaporation after some days colourless crystals were
obtained, suitable for SC-XRD. Elemental analysis (%): calc.
for HgBrIC,,N,H,,: C, 24.4; H, 2.0; N, 4.7; found: C, 25.1; H,
2.5; N, 5.0. ATR-FTIR (cm™): 1599 m, 1584 w, 1568 m, 1498 w,
1477 vs, 1443 m, 1250 s, 1231 m, 1160 s, 1140 w, 1040 s, 831
Vs, 727 m.

(4) [Hg(phen)BrI] and (9) [Hg(phen)Br,]. Ethanol solutions
of HgBrI (41.0 mg, 0.10 mmol) or HgBr, (36.0 mg, 0.10 mmol)
and phen monohydrate (20.0 mg, 0.10 mmol) were allowed to
react under stirring, following a known procedure for HgX,.*
A pinkish powder immediately precipitated. The product was
collected by decantation and dried. Colourless crystals of 4
and 9 suitable for SC-XRD were obtained from slow evapor-
ation of an acetone and ethanol solution, respectively.
Elemental analysis (%): calc. for HgBrIC,,N,Hg (4): C, 24.5; H,
1.4; N, 4.8; found: C, 23.1; H, 1.2; N, 3.8. ATR-FTIR (cm™):
1618 m, 1588 m, 1570 m, 1511 s, 1493 m, 1425 s, 1409 m, 992
w, 861 m, 849 vs, 725 vs, 721 s(sh). Elemental analysis (%):
cale. for HgBr,C;,N,Hg (9): C, 26.7; H, 1.5; N, 5.2; found: C,
27.1; H, 1.9; N, 4.8. ATR-FTIR (cm™"): 1620 m, 1589 m, 1572 m,
1513 s, 1495 m, 1427 s, 1410 m, 1142 m, 1099 m, 861 w, 849
VS, 723 vs, 637 m.

(5) [Hg(dmphen)BrI]. Solutions in acetonitrile of HgBrI
(30.0 mg, 0.074 mmol) and dmphen (15.3 mg, 0.074 mmol)
were mixed under stirring. Immediately, a coalescent white
precipitate was formed. The product was separated by decanta-
tion from the mother solution and dissolved in warm ethanol.
From slow evaporation after some days colourless crystals were
obtained, suitable for SC-XRD. Elemental analysis (%): calc.
for HgBrIC,,N,H;, (5): C, 27.3; H, 2.0; N, 4.5; found: C, 27.9;
H, 2.9; N, 4.9. ATR-FTIR (cm™): 1617 m, 1591 s, 1557 m, 1499
vs, 1437 sh, 1428 s, 1367 vs, 1290 w, 1249 w, 1223 m, 1150 s,
863 vs, 846 m, 770 s, 728 s.

(6) [Hg(terpy)BrI] and (10) [Hg(terpy)Br,]. According to the
literature procedure,®® ethanol solutions of HgBrl (26.0 mg,
0.064 mmol) or HgBr, (23.1 mg, 0.064 mmol) and terpy
(15.0 mg, 0.064 mmol) were mixed wunder stirring.
Immediately, a white precipitate was formed. The product was
separated by decantation and dried. Colourless crystals suit-
able for SC-XRD were obtained after some days from DMSO
solutions. Elemental analysis (%): calc. for HgBrIC,5N3;H;; (6):
C, 28.1; H, 1.7; N, 6.6; found: C, 29.1; H, 2.3; N, 6.8. ATR-FTIR
(em™): 1596 m, 1587 m, 1580 s, 1556 sh, 1491 w, 1475 s, 1450
vs, 1435 m, 1310 m, 1295 w, 1267 w, 1252 m, 1010 s, 995 w,
768 vs. elemental analysis (%): calc. for HgBr,C;5N;3H;; (10): C,
30.4; H, 1.9; N, 7.1; found: C, 31.1; H, 2.8; N, 7.8. ATR-FTIR
(em™): 1618 w, 1595 m, 1580 s, 1552 sh, 1512 w, 1493 w, 1476
s, 1451 vs, 1436 m, 1312 m, 1296 w, 1267 w, 1253 m, 1012 s,
994 vw, 772 VS.

(7) [(HgBrI),(bpym)]. Acetonitrile solutions of HgBrl
(30.0 mg, 0.074 mmol) and bpym (11.6 mg, 0.074 mmol) were
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mixed under stirring. A crystalline product was obtained from
slow evaporation of the mother solution that was collected by
filtration. Elemental analysis (%): calc. for Hg,Br,I,CoN,Hg (7):
C, 11.0; H, 0.6; N, 5.7; found: C, 11.5; H, 1.1; N, 6.3. ATR-FTIR
(em™): 1609 m, 1581 w, 1559 vs, 1525 sh, 1431 w, 1403 vs,
1088 m, 1002 m, 983 sh, 819 m, 758 s, 684 m, 650 s.

(8) [Hg(pyNP)BrI]. According to our previous study,” in
order to obtain a crystalline product, acetonitrile solutions of
HgBrl (47.0 mg, 0.11 mmol) and pyNP (12.0 mg, 0.058 mmol),
in a molar ratio of 2: 1, were mixed and allowed to slowly evap-
orate. Magenta crystals suitable for SC-XRD were obtained
after a few days. Elemental analysis (%): calc. for
HgBrIC,3N;H, (8): C, 25.4; H, 1.5; N, 6.8; found: C, 26.1; H,
2.1; N, 6.4. ATR-FTIR (cm™) 1602 s, 1591 s, 1574 m, 1551 s,
1534 sh, 1467 m, 1453 s, 1421 m, 1384 w, 1171 m, 1143 m,
1130 m, 1114 w, 1007 m, 999 sh, 846 s, 640 m.

Results and discussion
Identification of the complexes by Raman spectroscopy

For the synthesis of HgBrI (1) we propose an exchange reaction
in the solid state between HgBr, and Hgl,, promoted by grind-
ing: a homogeneous product has been obtained in about
60 minutes. This mechano-chemical procedure is able to
produce 100% yield, to reduce reaction times, to limit solvent
use and to avoid waste. The progress of the reaction can be
observed by colour change: the starting orange mixture, made
by white HgBr, and red Hgl, (« phase), which turned gradually
to a yellowish homogeneous powder. Raman spectroscopy was
used to verify the progress of the reaction, by recording their
spectra after 10-20 minutes of grinding. The Raman spectrum
of crystalline HgBrlI has been investigated in detail.">'! Five
bands are detected in the Raman spectra at 42, 140, 156, 181
and 226 cm™' that have been interpreted by attributing the
signals to a ternary solid solution HgBr,-HgBrI-Hgl,: signals
at 156 and 226 cm ' are ascribed to symmetric and asym-
metric Br-Hg-1 stretching modes, the bands at 181 and
140 cm™" respectively to HgBr, and Hgl, (B phase, yellow poly-
morph) symmetric stretching and the band at 42 cm™" to libra-
tional modes. The intensity of the bands in the range from 140
to 190 cm™" has been correlated with the composition of the
HgBr,-HgBri-Hgl, mixture."" As shown in Fig. 2, in the spec-
trum of the starting mixture characteristic signals of reagents
are detectable: at 114 ecm™" for Hgl, (« phase, red polymorph)*?
and at 187 cm ™" for HgBr,.*” Gradually, the strong iodide peak
decreases in intensity and disappears, while the solid solution
signals increase in intensity. It is interesting to notice that, in
agreement with the formation of HgBrl, the polymorphic
transformation of HgI, is observed, suggesting a correlation
between these two reactions. Grinding was continued until no
more change was observed in the consecutive Raman spectra.
The spectra of the ground product are compatible with x =
0.50 composition, suggesting that HgBrI is the most abundant
compound in the obtained solid solution. The spectra of the
sublimed product (obtained to check purity and stability)

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Raman spectra recorded at different times during the mechano-
chemical synthesis of HgBrl (1): in blue the starting mixture and in red
the final product.

show a variation of band intensities, especially of the 156 cm™"

band, and a little shift of the band position, that can be
explained with a compositional variation of the mixture as a
consequence of the sublimation (see Fig. S21). The attribution
of the 156 and 226 cm™" signals to the Br-Hg-I component is
confirmed also by a periodic DFT computation of the
vibrational spectra of a pure HgBrl phase. As shown in
Fig. S2,f two main Raman features are computed: a strong
band centred at 142 cm™" (A1 asymmetric Br-Hg-1I stretching
mode) and a weak band at 218 cm™' (A1 symmetric Br-Hg-I
stretching).

Using HgBrlI as the starting material, a series of N donor-
based complexes have been synthesised. After mixing the solu-
tions of HgBrI and L (see Fig. 1), a crystalline product precipi-
tates immediately, while for [Hg,(bpym)Br,I,] (7) and [Hg
(pyNP)BrI] (8) single crystals were obtained after a few days.
Reactions have been carried out at room temperature to favour
the formation of HgBrI complexes, with the equilibrium HgBr,
+ Hgl, =2 2HgBrI being exothermic.? Identical products have
been obtained using ground, sublimed or crystalline HgBrI as
the reagent.

Raman spectroscopy was employed not only to confirm the
product formation, but also to understand the nature of the
synthesised complexes on the basis of the analysis of Hg-X
modes (Fig. S4-S107). Compared to the spectra of the corres-
ponding ligands,””*° ring stretching modes (1600-1450 cm™")
are usually slightly shifted to higher wavenumbers by the rigid-
ity imposed by metal coordination.’” The breathing modes of
aromatic fragments (around 1000 ecm ™" for py fragment) show
a shift of 20 em™ in 2-10 with respect to the corresponding
ligand (see Table S17), thus suggesting the formation of a che-
lating ring. Below 300 cm™"' it is possible to observe the
stretching of Hg-X and Hg-N bonds. As shown in Table 2, the
ligand coordination does not significantly affect the v(Hg-X)
modes of HgBrl. The complexes with bpy (2), phen (4), and
pPyNP (8) show a strong vgg,,(HgBrI) signal and both the

This journal is © The Royal Society of Chemistry 2022
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Table 2 Assignment of stretching modes in 1-10

v(HgL)  vasym(HEBIT) v(HgBr,) v(Hg-N)
HgBrl (1) 141 vs 156 vs 181 m

(142 calc)

HgBr, 188 vs
Hgl, (B)" 141 vs
Hg(bpy)BrI (2) 144 s, 155 vs 188 m 218w

sh
Hg(bpy)Br, 187 vs 220 w
Hg(bpy)L, 143 vs 220 W
Hg(dmbpy)BrI (3)  139s 152's 178 m
Hg(phen)BrI (4) 139 vs 153 vs 179 m 214 vww
Hg(phen)Br, (9) 177 vs 215 vw
Hg(phen)I, 138 vs 216 vw
Hg(dmphen)BrI (5) 137s 151s 178 m 218 vww
Hg(terpy)BrI (6) 145 vs 170s 228 W
Hg(terpy)Br, (10) 169 vs 232w
Hg(terpy)l, 138 vs 224 w
Hg(pyNP)BII (8) 141vs 153 vs 181s 198 w
Hg(pyNP)Br,>’ 180 vs 200 vw
Hg(pyNP)L1,>’ 139 vs 196 vw
Hg,(bpym)Br,I, (7) 142 vs 156 vs 183 m 215w

230 w
[Hg,(bpym)Br,],,*® 183 vs 209 m
229 m

[Hg,(bpym)1,],>® 137 vs 216 m

145 m 239 m

v(HgBr,) and »(Hgl,) modes, suggesting the preservation of
the HgBr,~-HgBrI-Hgl, mixture also in the crystalline structure
of these compounds. Similar signals are observed for [Hg
(dmbpy)BrI] (3), [Hg(dmphen)BrI] (5) and [Hg(bpym)BrI] (7). A
more sensible shift of Hg-X modes is detected in the [Hg(terpy)
BrI] complex (6), the only one with tri-coordinated Hg(u).

Analysis of the substitutional disorder

All crystal structures of the obtained complexes of HgBrlI show
Br/I positional disorder. SC-XRD data of the solid solution are
nominally indistinguishable from those of pure molecular [Hg(L)
BrI] with a 50%-50% disordered composition of the two sites,
but the Raman spectra of the crystals support the formation of a
ternary solid solution [Hg(L)Br,]-[Hg(L)BrI]-[Hg(L)L].

We obtained the crystals of 1 from an acetone solution to
evaluate the similarities and differences in the positional dis-
order between the complexes and HgBrI phase. HgBrI (1) crys-
tallises in the noncentrosymmetric Cmc2; space group.
Merohedral twinning for the inversion centre has been
detected and considered in resolution. The structure is similar
to those of the corresponding isomorphic HgBr,*® and Hgl,
(B).*° There are four Hg-X bonds, two of which are shorter,
determining a characteristic coordination number of 2 with a
linear geometry (I12/Br1-Hg1-11/Br2 = 179.27(17)°) and a bisfe-
noidic effective coordination number of 4 ([2 + 2] coordination
number), according to Grdenié¢'® (see Fig. 3a). However, differ-
ently from crystal structures recently reported,'* there is no
site preference for iodide and bromide: different crystallo-
graphic clues support that axial mercury coordination sites
show a 50%-50% Br/I composition. First, the electron den-
sities detected in the two positions are very similar, and do not

Dalton Trans., 2022, 51, 5296-5308 | 5299
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Fig. 3 HgBrl (1): chemical environment around the disordered HgBrl molecular unit in the asymmetric unit at room temperature (a) and at 200 K (c)
and packing along the [100] direction (b) (violet: iodine; grey: mercury; brown: bromide — ORTEP plot 50%).

fit with the presence of iodide or bromide alone, but are inter-
mediates between them. In fact, by replacing only iodide or
bromide in the two sites, the R parameters are much higher
and the thermal ellipsoids are too big or too small compared
to Hgl. In addition, the presence of a substitutional disorder
in these sites is supported by the distance between Hgl and
the two sites: the modeled long range value obtained by
SC-XRD is a weighted average of the Hg-I and Hg-Br distances.
As shown in Fig. 4, there is a linear dependence of the Hg-X
distance versus the fraction of iodide. On the basis of the
Raman spectra and of the Hg-X distances, we suggest that also
the previously reported phases (HgBrl, Hg,Br;I, and Hg,Brl;)"*
should be better described as ternary solid solutions, with
different proportions of the three components. Similarly, in
the crystals of the complexes the Hg—X intermediate distances
and the intermediate Br/I electron density demonstrate the
presence of a substitutional disorder. XRD data indicate that
for all compounds there is a 50% occupancy for each halogen-
ide, and no difference is observed between inorganic and
metallo-organic compounds. The Raman spectra indicate that
HgBrl is the more abundant compound in our product and to
simplify the description of the crystalline structure, the mole-
cular unit will be indicated as HgBrl. In the crystal lattice of 1,
we can observe that the HgBrI molecules interact through long
Hg--X contacts (d(Hgl--12/Br1) = 3.387(3) A, in Fig. 3a)
forming an hexagonal net in the (001) plane (see Fig. 3b),
while the apical I1/Br2 site outside of the plane interacts
weakly with opposite Hg atoms (d(Hg1---11/Br2) = 3.411(3) A).
The planes are stacked along the [001] direction (see Fig. 3b)
and are weakly connected by dispersion forces. The crystal of 1

2.650 Hgl
He,Brly ..o ® ’
__ 2,600 Bt
< | T
X 2550 1 e @ "HgBrl
¥ ..-@"Hig,Bryl
T 2500 4. B2t
HgBr,
2.450 : r r )
0% 25% 50% 75% 100%

lodine fraction

Fig. 4 Dependence of the Hg—X distance versus iodine fraction in the
crystal structures of HgBrl (1) and reported Hg(i) mixed halogenides.
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was analysed at different temperatures: passing from 299 K to
200 K all distances are shortened, especially the weaker equa-
torial contacts that became lower than the sum of VAW radii,
so the coordination sphere of HgBrI at 200 K became [2 + 4]
(see Fig. 3c). A compression effect is evident between the
layers: the distance between them, perpendicular to the [001]
axis, changes from 6.686 A at 299 K to 6.324 A at 200 K. This
indicates that the ¢ axis is more sensitive to temperature
effects with respect to the other two (d¢/dT = 7.3 x 107 vs. da/
dT = 8 x 107" and db/dT = 2.5 x 107°). This is due to the
absence of strong directional interactions between the layers,
similarly to the case of layers of mica minerals.**

The impossibility to resolve the disorder by SC-XRD data
drove us to perform DFT periodic simulations to evaluate the
effect of substitutional disorder in the Raman spectrum of
solid HgBrlI (1) and [Hg(bpy)BrI] (2), simulated as pure phases.
Raman scattering is a versatile and efficient tool for probing
long- and short-wavelength lattice vibrations. It is known that
there is a composition dependence of optical modes in the
presence of substitutional disorder, that randomly affects the
periodic arrangement, and a relationship has been observed
between disorder and the line shape of the Raman bands (as
width and asymmetry).**> Different models have been proposed
to explain this behaviour,” and a description of these systems
as a weighted average of ordered configurations has provided
promising results.** All the possible permutations on bromide
and iodide positions were taken into account when calculating
the Raman spectra of the disordered solution. The spectra
were merged together, rescaling the intensities by the proper
Boltzmann factor, calculated from the corresponding enthal-
pies of each configuration. In the final spectrum of HgBrl the
Vasym(BrHEI) mode shows an asymmetric broadening, with an
evident shoulder. Nakashima et al.'* found that mixed crystals
(HgBr,); _(Hgl,), show a two-mode behaviour, in which the
zone-centre optical phonons of each end member are present
in intermediate compositions. To explain this behaviour, a
model based on the nearly free approximation was proposed,
with very weak intermolecular forces, which seems to be valid
for the A1 mode. This model is supported by the SC-XRD data
of 1 recorded at different temperatures, which indicate the
presence of weak intermolecular forces and weak interlayer

This journal is © The Royal Society of Chemistry 2022
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interactions. It is known that substitutional disorder results in
broad spectra and the effect is more evident for composition x =
0.5 (in AB,C;_, system) that shows the maximum disorder.*** A
study of positional disorder of GaAs,P;_, (x = 0.5), using a linear
chain model, was performed using five different models
(random chain, disordered chain, ordered chain, virtual ion,
and isodisplacement) to calculate the reflectance IR spectrum.
The results indicate that the numbers of bands increase with
the increase of disorder in the model."*” Our periodic calcu-
lation also presents a major number of signals when the dis-
order is simulated in the systems, giving rise to the broad asym-
metric band in the average spectrum (see Fig. S3t). No evident
asymmetric broadening is observed in the experimental spectra
recorded at room temperature. A behaviour more similar to the
calculated one could be observed at lower temperature.

For [Hg(bpy)BrI] (2) the disorder of halogenide atoms in the
crystallographic cell gives rise to four different permutations
and their Raman patterns at low wavenumbers are quite
different. Focusing on vibrational modes involving Hg atoms,
all the signals related to the four permutations (at 130, 145,
155 and 176 cm™') are present in the experimental spectrum
(the black line in Fig. 5), suggesting that the halogenide atoms

Raman Intensity

T
100 125 150 175 200

a .
) wavenumber (cm™)

- Y
b) f‘}”jf F ¥ l{\’f ;/‘, ¢ I

Fig. 5 (a) Calculated Raman spectra of modes involving Hg in different
permutations of the dimeric [Hg(bpy)Brl] unit cell (centrosymmetric in
red and noncentrosymmetric in blue) and the experimental spectrum of
[Hg(bpy)Brl] (2) in black; (b) centrosymmetric (pl and p4, in the red
boxes) and noncentrosymmetric (p2 and p3, in the blue boxes) permu-
tation views along the ac plane; dashed and dotted lines are related to
lines in the Raman spectrum. (Violet: iodine; yellow: mercury; green:
bromide; grey: carbon; blue: nitrogen; white: hydrogen.)
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have a random disposition in the crystalline lattice. The preser-
vation of a solid solution in the coordination product is
suggested by signals attributable to the bromide and iodide
complexes (at 143 and 188 cm™', indicated with a star in
Fig. 5) that are not present in the calculated spectra: in particu-
lar, v(HgBr,) is not superimposed to any HgBrI mode. So the
Raman intensities and XRD data suggest that [Hg(L)BrI] is the
dominant component of the ternary solid solutions of metallo-
organic derivatives.

Symmetry of the crystals

As shown in Table 1, most of the obtained complexes crystal-
lised in centrosymmetric space groups. In the compounds
with lower symmetry ([Hg(bpy)BrI] (2), [Hg(phen)BrI] (4), and
[Hg(pyNP)BrI] (8)) the choice of the correct space group has
been very ambiguous. P1 shows better results in least squares
refinement with respect to P1. In P1 space group resolution,
the thermal ellipsoids and the distances show very high errors,
and in the case of 4 and 8 no stable solution can be found
with both a very high redundance and completeness of the
data. Mercury(u) halogenides with similar ligands usually form
dimers,*>** and the dimeric interactions result always in the
presence of the inversion centre, as shown in Fig. 6a. In the
centrosymmetric model, the presence of the Br/I disorder in 2,
4 and 8 makes some of the cells noncentrosymmetric and so
the crystal can be described as “not fully centrosymmetric”.
Considering the possible disposition of disordered halogen-
ides in the dimers, only 50% of the cells of the crystal (see
Fig. 6b and c) still exhibit an inversion centre. However, this
situation is made even more complicated by the solid solution
formed with respective [Hg(L)I,] and [Hg(L)Br,], that can make
dimers with all the complexes present in the crystals, exhibit-
ing or not an inversion centre.

Being sometimes very complex to determine the correct
symmetry between P1 and P1 from diffraction results alone, we
decided to measure a property that inherently resolves this
problem: SHG.*® Since only crystals with a lack of the inversion
centre can show NLO properties, the experimental measure-
ment of SHG demonstrates unambiguously the noncentrosym-
metry of the crystal structures.”” SHG can occur with good
efficiency only if a standard phase matching condition is satis-
fied (to compensate the dispersion due to the frequency
dependence of the refractive indices), and this can often be
done by using a birefringent material. To find out the trans-
mission range the UV-Vis optical diffuse reflectance spectra
were recorded and are shown in Fig. S11.1 HgBrI (1) shows a
relatively wide transparency in the visible region down to
about 460 nm. Complexes 2, 4 and 8 are transparent above
about 390 nm, but 8 shows a low absorption also in the visible
region due to the intense magenta colour of its crystals.
Qualitative measures have shown that the crystals of 2, 4 and 8
are birefringent and 8 in particular is pleochroic. SHG emis-
sion was detected on the powder crystalline samples of 1, 2, 4
and 8 (see Fig. S127}). This experimental evidence suggests that
the average disposition in crystallographic cells is noncentro-
symmetric. The great difficulty in obtaining a noncentrosym-
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Fig. 6 (a) Example of (pseudo)-centrosymmetric dimeric interaction in [Hg(bpy)Brl] (2); models of noncentrosymmetric (b) and centrosymmetric (c)

local disposition. (Violet: iodine; grey: mercury; orange: bromide; grey: carbon; blue: nitrogen; white: hydrogen — ORTEP plot 50%.)

metric model, notwithstanding its exactness, can be explained
using the crystallographic orbit theory: the heaviest atoms (Hg
and the I/Br positions) and most of the lightest atoms of the
dimers are disposed in the unit cell in a way that simulates
almost perfectly the presence of an inversion centre (belonging
in pairs to a common crystallographic orbit in the P1 super-
group).”® As a consequence, XRD intensities are not affected
enough by the deviation from centrosymmetry to ensure a
clear noncentrosymmetric structure resolution, as found and
confirmed in similar cases by the in-depth studies of
Marsh.*®® For these reasons, we decided to maintain the
higher P1 symmetry in 4 and 8, for which no enough good
refinement results have been obtained in P1, following the
literature.****® In this supergroup description, the resulting
geometrical data are averaged between the non-equivalent
molecules in the correct subgroup model.

With the aim of obtaining a more stable and more accurate
noncentrosymmetric model of 2, two measurements at 200 K
and at 299 K (both with resolution of 0.5 A) have been per-
formed on the same crystal. The effects due to the quasi-singu-
larity in the least squares refinement have not been resolved,
neither at low temperature nor at a high resolution limit, and
the centrosymmetric model continued to be the best one on
the basis of SC-XRD data. At low temperature there is a better
resolution of the Br/I disorder in two stable distinct sites
(d(Hg-Br) = 2.528(9) A, d(Hg-I) = 2.659(5) A).

Also for [Hg(dmbpy)Brl] (3) and [Hg(dmphen)BrI] (5) the
dimeric disposition of the molecules in the crystal structure
introduces a symmetry inversion centre, but previous consider-
ations on the actual symmetry suggest the possibility of a lower
space group symmetry associated with the disappearance of
some symmetry elements. A centrosymmetric description has
been preferred because the refinement in noncentrosymmetric
space groups, considering all the possibilities derived by delet-
ing the inversion centre, has been unsuccessful, and no anoma-
lous behaviour of systematic absences has been observed (under
the experimental conditions of measurements).

In the obtained compounds, we can observe that when the
bromide and the iodide complexes are not isomorphous, solid
solutions crystallise in one of the space groups of the analo-
gous complexes, usually the iodide one, as observed for 3, 5
and [Hg(terpy)BrI] (6), but it can also show a different crystal
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packing with respect to the other halides, as in [Hg,(bpym)
Br,1,] (7). When [Hg(L)Br,] and [Hg(L)L,] are isomorphous, the
substitutional disorder leads to a lack of the inversion centre,
thus conferring NLO activity, as observed for 2, 4 and 8. A
similar behaviour is observed also in 1 that crystallises in the
same space group of HgBr,, stabilising the isomorphous high
temperature polymorph of HgL,.

Crystalline structures

The molecular structures of ([Hg(bpy)BrI] (2), [Hg(phen)BrI]
(4), and [Hg(pyNP)BrI] (8) (in Fig. 7) are very similar to those
of HgX, (X = Cl, Br, and I) derivatives of the same
ligands,'® %" with the exception of the Hg-X distance in the
range of 2.550-2.590 A that reflects the Br/I disorder. The
crystal packing of these molecules can be usually considered
an average of the characteristics of the iodide and bromide
derivatives. It has been demonstrated that upon moving from
the chloride to the iodide, the bridging behaviour is reduced
and the bridging interactions are weaker.”® In the case of bpy
the chloride forms a true 1D-coordination
polymer,® while the bromide and iodide form dimers that
interact through spodium bonding,*® giving dimeric molecular
entities'® and very weakly interacting dimers,*® respectively.
The packing of 2 is an intermediate between that of bromide
and iodide: very long spodium bonding interactions connect
the molecules of the dimers, at the edge of the VAW sum
(d(Br/1---Hg) = 3.404(8) A and 3.377(8) A, respectively). This dis-
tance is slightly shortened at low temperature, changing from
3.376(7) A at 299 K to 3.364(6) A at 200 K (in the centro-
symmetric model). Dimers interact with each other through
parallel n---n stacking between the bpy ligands (see Fig. 7d, an
interplanar distance of 3.577(10) A, a displacement of ca.
2.6 A, and an intercentroid distance of 3.997(10) A).

We have obtained the crystal structure of [Hg(phen)Br,] (9),
isomorphous to [Hg(phen)L,],>° with the same space group,
but with shorter intermolecular spodium interaction, as can
be expected (d(Br---Hg) = 4.055(6) A vs. d(I---Hg) = 4.400(6) A).
Also in the case of 4, the crystal packing is very similar to that
of iodide analogues,®® although the dimeric spodium inter-
action is much shorter ( d(Br/I---Hg) = 4.247(7) A). The differ-
ences in the Hg-Br and Hg-I bonds are in agreement with the
weighted average in the case of Hg—(Br/I). All phen derivatives

complexes,
18
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Fig. 7

(a) Asymmetric unit and (d) crystal packing between dimers in the crystal structure of [Hg(bpy)Brl] (2); (b) asymmetric unit of [Hg(phen)Brl]

(4); (c) asymmetric unit and (e) details of the structure of [Hg(pyNP)Brl] (8). (Violet: iodine; grey: mercury; brown: bromide; grey: carbon; blue: nitro-

gen; white: hydrogen — ORTEP plot 50%.)

form n---n stacked dimers displaced of more than 3.6 A, and
place one of the lateral rings of an upper molecule on the top
of the central one of a lower complex, with all ligands being
disposed on parallel planes. Compound 4 shows one of the
smaller values of the interplanar distance in the series of the
synthesised complexes (an interplanar distance of 3.369(10) A
and an intercentroid distance of 3.671(10) A).

Looking at the pyNP derivatives, the crystal packing of [Hg
(pyNP)Cl,] is different from those of bromide, iodide and BrI
analogues.”” [Hg(pyNP)Cl,] has a monoclinic structure, with
the columns of inverted chloride complexes that stack together
by placing the naphthyridine (NP) ring of the upper complex
on the top of NP ring of the lower complex, and the same for
the py substituent (an interplanar distance of 3.608(10) A, a
displacement of 1.38 A, and an intercentroid distance of 3.602
(10) A). No intermolecular interactions can be observed, with
the Cl.--Hg contacts being very long (d(Cl---Hg) = 4.755(7) A).
In 8, isomorphous to the triclinic bromide and iodide deriva-
tives, the ribbons of inverted molecules are n---n stacked and
overlap along the ribbons of the NP ring of a molecule with
one of the nearest molecules, and the same for py (see Fig. 7e,
an interplanar distance of 3.489(9) A; a displacement of 2.35 A
for the overlapping NP rings and of 1.39 A for the overlapping
py)- The ribbons are stabilized by weak C-H---Br/I interactions
(d(C-H---Br/I) = 3.164(9) A). These interaction distances are
intermediates between the values of the bromide and iodide
derivatives.

[Hg(dmbpy)BrI] (3) and [Hg(dmphen)BrI] (5) show a higher
reticular symmetry, and orthorhombic and monoclinic space
groups respectively, due to the more symmetric disposition of
the complexes in the crystal environment. In the crystal struc-
ture of 3, the =n---n and the C-H---m aromatic interactions
between parallel or perpendicular molecules determine a per-
pendicular herringbone packing motif isomorphic to that
found in [Hg(dmbpy)l,],>* with similar interaction distances

This journal is © The Royal Society of Chemistry 2022

(see Fig. 8¢, an interplanar distance of 3.715(9) A, an intercen-
troid distance of 3.715(8) A, and a displacement of 0.7 A,
d(CH;---m) = 3.601(8) A). In [Hg(dmbpy)Br,], different from
iodide and 3, a dimeric disposition is observed®' and the
crystal packing is very similar to that of [Hg(bpy)X,] (X = Br, I).
The crystal structure of 5 is isomorphic to that of [Hg
(dmphen)I,]*° (C2/c space group), with diagonal columns of
inverted dimers displaced on =---m stacked molecules (see
Fig. 8d, an interplanar distance of 3.360(9) A, an intercentroid
distance of 3.605(9) A and a displacement of 3.682(8) A). The
chloride and bromide complexes show a more opened crystal
packing and a herringbone pattern,>** while in the iodide
derivative and in 5, the ligands are disposed on parallel
planes.

[Hg(terpy)BrI] (6) (see Fig. 9a) and [Hg(terpy)Br,] (10) are
isomorphous to iodide analogues®® and crystallise in the I2/a
space group. In 6 the Hg-X distance is longer than those
found for the previous synthesised compounds (d(Hg-Br/I) =
2.657(5) A), but is fairly shorter than the Hg-I bond reported
for [Hg(terpy)L,]*® (d(Hg-I) = 2.697(5) A) and longer than Hg-
Br in 10 (d(Hg-Br) = 2.556(3) A). In 6 the disorder is con-
strained to 50%-50% Br/I for symmetry reasons, excluding any
preconcentration of one of the two halides or a pseudosymme-
try nature of the twofold axis passing through Hg, but the
Raman spectra and Hg-X distance support the presence of
both halogenides. The crystal packing of 6 is similar to that of
the iodide and bromide complexes but differs from the chlor-
ide one.”® [Hg(terpy)Cl,] shows a lower symmetry (P2,/c space
group) and a herringbone disposition similar to those of [Hg
(dmphen)X,] (X = Cl, Br), while the heavier halogenides show
diagonal columns of the overlapped but slightly shifted terpy
ligands on parallel planes (see Fig. 9b for 6, interplanar dis-
tances of 3.540(9) A, an intercentroid distance of 3.736(9) A
and a displacement of 4.203(8) A, similar to those of iodide
and bromide complexes).
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(@) Asymmetric unit and (c) packing interactions between molecules in the crystal structure of [Hg(dmbpy)Brl] (3); (b) asymmetric unit and (d)

packing interactions between dimers of [Hg(dmphen)Brl] (5). (Violet: iodine; grey: mercury; brown: bromide; grey: carbon; blue: nitrogen; white:

hydrogen — ORTEP plot 50%.)

Fig. 9

(@) Asymmetric unit and (b) dimeric interaction of [Hg(terpy)Brl] (6); (c) asymmetric unit and (d) crystal packing interactions of [(Hg,(bpym)

Br.l,] (7). (Violet: iodine; grey: mercury; brown: bromide; grey: carbon; blue: nitrogen; white: hydrogen — ORTEP plot 50%.)

The dinuclear [Hg,(bpym)Br,I,] (7) (see Fig. 9c) differs
strongly from bromide and iodide analogues,*® adding further
demonstration of the greater percentage of the HgBrlI deriva-
tives in the ternary mixture, and of its influence in crystal
packing. Homo-halogen compounds are coordination poly-
mers (staggered in the case of bromide and chloride and
ribbon-like for iodide), while 7 crystallises in the molecular
form without any bridging Hg---X or =n---m interactions,
forming a herringbone packing motif (see Fig. 9d) stabilised
only by C-H---Br/I weak contacts (d(C-H---Br/I) = 3.042(9) A
and 3.081(10) A).

SHG on single crystals

The measurement on the powder samples shows that the
efficiency of SHG emission of the [Hg(L)Brl] complexes
decreases with respect to 1 (see Fig. S12t). This may be attribu-
ted to different factors. First, it is known that the SHG
response depends on band gaps, and lower band gaps gene-
rate higher hyperpolarizability.>" The calculated band gap for
(1) (3.14 eV, similar to reported experimental value'*) is lower
than that in (2) (3.73 eV). Second, as discussed previously, the
noncentrosymmetric local disposition related to the Br/I dis-
order can be correlated to SHG emission. A recent study
revealed that centrosymmetric crystals can generate the
Second Harmonic, in the presence of twinning by inversion or

5304 | Dalton Trans., 2022, 51, 5296-5308

local asymmetry.>*> The components of hyperpolarizability and
the second order susceptibility matrix have been calculated for
HgBrl (1) and [Hg(bpy)BrI] (2), according to Kleinman’s sym-
metry. The assumptions for Kleinman’s symmetry are always
valid for SHG.”! The B third rank tensor has 27 matrix com-
ponents. Kleinman’s symmetry demonstrates that the same
indices of the matrix can be permuted and so the matrix is
reduced to 10 components. The periodical simulation per-
formed on 2 indicates that only for noncentrosymmetric per-
mutations the components of hyperpolarizability and the
second order susceptibility matrix are not zero (see Table S2t).
This suggests that the noncentrosymmetry in these systems is
related to the substitutional disorder that generates noncentro-
symmetric local disposition.

Further analysis on SHG emission has been performed
along seven angles using a NLO microscope procedure®® on a
crystal of 2, with the aim to correlate the crystalline structure
and second order NLO properties. The single crystal of 2 gives
an intense signal at the arbitrary angle 0 and two less intense
emissions by rotating the crystal of 45 degrees in both direc-
tions, meaning that signals can be observed only in one
specific direction (see Fig. S137). The elaboration of the SHG
signal through the microscopy technique allowed us to acquire
an image of the emission and to highlight the crystal face
responsible for that emission. The crystal faces of the
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measured sample have been determined with the metrical
tensor derived from an XRD experiment, using the CrysAlisPro
software.>® Therefore, it is possible to verify that the crystal
emitted on the crystal face (010), as shown in Image S1.}
Trying to understand the correlation between the structure
and hyperpolarizability tensor, the crystal morphology was
obtained with the BFDH approach, by using the Mercury soft-
ware.>* By combining the morphological and microscopy data,
it is possible to observe that the signal is detected in the direc-
tion parallel to n---m stacking, as shown in Fig. S14a.f Only the
experimental data on the powder sample of 1 are available, but
the periodic simulation suggests that only components along
the z axis are not zero (xxz, yyz, zzz) and these components are
parallel to the HgBrI molecular fragment (see Fig. S14b and
Table S37).

These results suggest that the direction of propagation of
the Second Harmonic is different between pure inorganic
HgBrl and its complex. HgBrI gives a signal in the direction of
the molecular fragment, while in [Hg(bpy)BrI] (2) the signal is
propagated in the direction parallel to the =---m stacking.
According to Levine’s bond charge model and to anionic
group theory, the bulk second-order susceptibility of a noncen-
trosymmetric crystal is additive, and is the vector sum of the
microscopic second-order susceptibilities of the constituent
basic structural units.>® According to these models, the anhar-
monicity results from electronegativity and size differences
between bonded atoms, so in complex 2 we can presume that
hyperpolarizability originates from the HgBrI unit. Thanks to
the employed NLO microscope procedure we can observe that
the main direction of propagation of SHG emission in a single
crystal of 2 is along n---n stacking interactions. It is known that
the aromatic molecules conjugated by means of the n-orbital
may exhibit microscopic SHG effects larger than the o-type
molecules of the same size. Thus it is not surprising that the
strongest signal has been detected in the x---m more polarisa-
ble direction. Considering that [Hg(bpy)X,] (X = Br, I) do not
show NLO activity, we can affirm that the HgBrI unit is respon-
sible for this phenomenon.

Conclusions

The non-conformity of the nature of mixed mercury(u) halo-
genides in the literature is related to the challenging character-
isation of these systems. In this work, we proved that HgBrI (1)
obtained from mechano-chemical synthesis has the same
characteristics of the previously reported phases, and we pro-
vided further evidence of the formation of a ternary solid solu-
tion HgBr,~-HgBrI-Hgl,. The interesting physico-chemical pro-
perties of HgBrl, especially its large NLO response, drove us to
explore its coordination chemistry toward N-donor ligands. We
prepared the first coordination compounds of HgBrl, whose
characterisation was as challenging as that of the starting
material. The Raman spectra confirmed that ternary solid solu-
tions [Hg(L)Br,]-[Hg(L)BrI]-[Hg(L)I,] are formed as single
crystal and powder crystalline products. SC-XRD data indicate
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that substitutional disorder is present in the crystal structures,
resulting in Hg-X distances intermediate between those of the
two halogenides. Due to this disorder, the assignment of the
correct space group was very ambiguous, especially for com-
pounds with the less symmetric space group. The crystalline
powder of these compounds generates the Second Harmonic,
confirming that the average crystalline structure is better
described as noncentrosymmetric. The NLO activity could be
related to the presence of substitutional disorder that gener-
ates local asymmetry, as supported by DFT periodic
calculations.

Although the products are solid solutions, they are reprodu-
cible and with a constant composition. The inorganic ternary
solid solution, due to the presence of HgBrl, shows properties
that are different from those of its components: for example it
is the stabilised one of its component (Hgl,) in its high temp-
erature polymorph, isomorphic to HgBr,. In the coordination
complexes, solid solutions are obtained as well, and they show
properties different from those of the isolate component: in
particular, [Hg(bpy)BrI] (2), [Hg(phen)BrI| (4) and [Hg(pyNP)
BrI] (8) emit SHG.

These results suggest that HgBrI could represent an inter-
esting tecton for NLO materials. In fact, the intrinsic disorder
in the crystalline structures can generate local asymmetry and
enhance the NLO activity, if derivatives have suitable ligands.
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