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In the search for coordination compounds showing significant second harmonic generation (SHG)
activity, reaction of Ag(l) ions with the 4-hydroxypyrimidine (4-Hpymo) and 5-nitro-2-hydroxypyrimidine
(HNP) ligands generated fourystalline 1D polymers, Ag(4-pymohH,O (n = 2.5, 0), Ag(NP)(NH),
and Ag(NP), the latter two crystallizing in acentric space groups. Their synthesis, complete characterization,
and structural determination, by conventional single-crystal and laboratory X-ray powder diffraction
methods, are presented and discussed in the frame of diazaaromatic-ligand- and metal-containing species.
XRPD has also allowed the detection of the polyhydragdasive Ag(4-pymo)nH,O (n = 2, 3) species.
Powders of Ag(NP) have shown an SHG activity close to that of standard urea. By applying the geometrical
model proposed by Zyss, it is shown that the NP ligand is a highly promising chromophore, the oxo and
nitro functionalities cooperatively promoting a high hyperpolarizability.
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complexity of the polydimensional nature of the obtained
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Aiming to prepare more efficient SHG materials, we
decided to employ different metals and differently substituted
pyrimidinolate-based ligands, trying to resort to distinct
electronic properties and steric requirements. As for the
ligands, we shifted to 4-pymo, a constitutional isomer of
2-pymo, differing in the position of the exocyclic oxygen

(Chart 1). Concomitantly, prompted by the recent appearance

of scientific reports on the suitability, for significant SHG
activity, of molecular species @, symmetry!? we decided

to prepare a highly polarized 2-pymo derivative, 5-nitro-2-
pyrimidinolate (NP; see Chart 1), using one of the most
efficient electron-attractor substituents.

Within this ligand, in its deprotonated form, the oxo and
nitro functionalities, inpara positions to each other, are likely
to favor, by a synergic mechanism, the formation of a
significant dipole moment, thus enhancing, according to the
“two-level model” 2 the first hyperpolarizability. Indeed, its
formal (Hammett'sAop value pp(NO,) — 0p(0O7) = +0.78
— (—0.52) = +1.30] is among the largest which can be
computed for 1,4-disubstituted benzefedoreover, in
agreement with Dewar’s rulésthe insertion of an electron-
attractor group (N@in the present case) at thara position
of a donor group (O) implies a hypsochromic shift of the
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matic-ligand- and metal-containing species, recently reviewed
by us?®

Experimental Section

Instrumentation and Methods. Pyrimidin-4-ol (4-Hpymo),
supplied by Aldrich Chemical Co., was used as received. 5-Nitro-
pyrimidin-2-ol (HNP) was prepared according to literature meth-
0ds?° The other chemical reagents and solvents were supplied by
commercial sources. Microanalyses of C, H, and N were performed
with a Fisons-Carlo Erba EA 1008 analyzer. Thermogravimetric
and differential scanning calorimetric analyses were performed,
under a reactive atmosphere of air, on Shimadzu-TGA-50H/DSC
equipment, at heating rates of 20 and XD min~1, respectively
(Scientific Instrumentation Center of the University of Granada).
IR spectra were recorded in the 466800 cnt! range on a
ThermoNicolet IR 200 using KBr pellets.

Synthesis of 1-4. Preparation of [Ag(4-pymo2.5H,0],, 1. An
ammonia/water (1:10) solution (25 mL) containing pyrimidin-4-ol
(4 mmol) was added dropwise into an ammonia/water (1:10)
solution (15 mL) of AgNQ (2 mmol). The resulting colorless
solution afforded a white microcrystalline material of [Ag(4-pymo)
mH,0O]y formulation. Single crystals ofL suitable for X-ray
diffraction studies were obtained upon drying a water suspension
of [Ag(4-pymoymH,QO]x in air. Yield: 80%. Anal. Calcd for

electronic absorption band with respect to the unsubstitutedC,HsN-Os sAg: C, 19.37; H, 3.25; N, 11.30. Found: C, 19.5; H,

heterocycle, the NP ligand thus granting the optical transpar-

ency already offered by the parent 2-pymo.

Unfortunately, the use of these new ligands with a number
of M(ll) ions [M(Il) = Co, Ni, and Zn§°¢ resulted in
centrosymmetric materials, thus vanishing our initial efforts.
Accordingly, we turned to M(I) ions, which are prone to
digonal coordination oN,N'-exabidentate ligands and afford
1D polymerg” and folded helice$® An important require-
ment in view of its possible applications is the transparency
of the SHG material in a vast spectral range, to avoid
absorption of the second harmonic produced. Silver [and
often even Cu(l)] typically affords colorless materials, thus
being the metal of choice from the point of view of the SHG
efficiency—transparency tradeoff.

Thus, in the following, we report on the synthesis,
characterization, and structural determination, by conven-
tional single-crystal and laboratory X-ray powder diffraction
methods, of four new Ag(l) polymeric species (containing
the 4-pymo or the NP ligand), the structural and optical

properties of which are discussed in the frame of diazaaro-

(12) (a) Moylan, R.; Ermer, S.; Lovejoy, S. M.; McComb, |.-H.; Leung,
D. S.; Wortmann, R.; Krdmer, P.; Twieg, R. J. Am. Chem. Soc.
1996 118 12950. (b) Le Bozec, H.; Renouard,Hur. J. Inorg. Chem.
200Q 229.

(13) (a) Oudar, J. L.; Chemla, D. S. Chem. Phys1977, 66, 446. (b)
Oudar, J. LJ. Chem. Physl1977, 67, 2664.

(14) Dean, J. ALarge’s Handbook of Chemistri5th ed.; McGraw-Hill
Inc.: New York, 1999; Section 9.

(15) Dewar M. J. SJ. Chem. Socl95Q 2329.

(16) Barea, E.; Romero, M. A.; Navarro, J. A. R.; Salas J. M.; Masciocchi,
N.; Galli, S.; Sironi, A.Inorg. Chem.2005 44, 1472.

(17) (a) Masciocchi, N.; Moret, M.; Cairati, P.; Sironi, A.; Ardizzoia G.
A.; La Monica, G.J. Am. Chem. So&994 116, 7668. (b) Masciocchi,
N.; Moret, M.; Cariati, P.; Sironi, A.; Ardizzoia G. A.; La Monica,
G. J. Chem. Soc., Dalton Tran4995 1671. (c) Navarro, J. A. R.;
Romero, M. A.; Salas, J. M.; Faure, R.; Solans,JX.Chem. Soc.,
Dalton Trans.1997 2321.

(18) Masciocchi, N.; Ardizzoia, G. A.; La Monica, G.; Maspero A.; Sironi
A. Angew. Chem., Int. Ed. Endl998 37, 3366.

3.3; N, 11.4. IR (selected bands in thHt 3380 vs, 1629 vs, 1556
s, 1481 vs, 1425 vs, 1362 m, 1335 m, 1200 w, 1162 w, 1008 m,
877 m, 842 s, 673 m, 602 m, 540 m.

Preparation of [Ag(4-pymo)] 2. 2 can be prepared by controlled
thermal treatment of. Compoundl (25 mg) was heated at 200
°C for 20 min. In this way, the anhydrous crystalline phaseas
obtained. Yield: 100%. Anal. Calcd for,83N,OAg: C, 23.67;

H, 1.49; N, 13.80. Found: C, 23.9; H, 1.5; N, 13.9. IR (selected
bands in cm'): 1603 s, 1363 s, 1331 s, 1066 m, 841 m.

Preparation of [Ag(NP)(NH)],, 3. 3 was synthesized following
a procedure similar to that df In this case, only microcrystalline
powders were obtained, which were filtered off and dried in air.
Yield: 70%. Anal. Calcd for gHsN,O3Ag: C, 18.13; H, 1.90; N,
21.14. Found: C, 18.1; H, 1.8; N, 20.5. IR (selected bands in
cm™1): 3424 m, 1653 m, 1591 vs, 1549 vs, 1389 s, 1336 vs, 1294
s, 1161 m, 829 m, 800 m, 743 m, 681 m. Thatd\Nand not HO,
is present in this species is supported by the elemental analysis
and by the observation th& is not formed in the absence of
ammonia, and that, upon suspending it in water, the anhydrous
species [Ag(NP)] 4, is quantitatively formed (see below); in fact,
the broad IR band falling slightly above 3400 chdoes not help
in uniquely assigning the correct stretching mode, nor can XRPD
discriminate between the two isoelectronic and nearly isosteric
molecules. The material is nearly colorless and presents MLCT
UV absorption bands near 340 nm.

Preparation of [Ag(NP)}, 4. Thermal treatment a3 by heating
over 175°C led to the isolation off. This anhydrous phase can
also be obtained by suspension3in water, posterior filtration,
and leaving the product recovered to dry in air. Yield: 100%. Anal.
Calcd for GH;N30sAg: C, 19.38; H, 0.81; N, 16.95. Found: C,
19.5; H, 1.1; N, 16.8. IR (selected bands in&n 1640 s, 1625
s, 1590 vs, 1550 vs, 1421 m, 1387 m, 1337 vs, 1312 vs, 1282 s,

(19) (a) Masciocchi, N.; Galli, S.; Sironi, Zomments Inorg. Cher2005
26, 1. (b) Navarro, J. A. R.; Barea, E.; Galindo, M. A,; Salas, J. M.;
Romero, M. A.; Quife, M.; Masciocchi, N.; Galli, S.; Sironi, A.;
Lippert, B.J. Solid State Chen2005 178 2436.

(20) Wempen, |.; Blank, U. H.; Fox, J. J. Heterocycl. Cheml969 6,
593.
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Table 1. Crystal Data and Refinement Details for Compounds [Ag(4-pymo®.5H20]n, [Ag(4-pymo)]s, [Ag(NP)(NH3)],, and [Ag(NP)],

[Ag(4-pymo}2.5H,0]n [Ag(4-pymo)}, [Ag(NP)(NH3)]» [AG(NP)]n
) &) ©) 4

fw 247.99 202.95 264.98 247.95
cryst syst orthorhombic monoclinic orthorhombic monoclinic
space group Pcan P2,/c Fdd2 P2
a, 7.1981(7) 7.5756(4) 19.9772(7) 5.6054(2)
b, A 11.9620(12) 5.4207(2) 39.3924(15) 8.3407(3)
c, A 17.4481(18) 12.5711(6) 3.5390(1) 13.7479(6)
B, deg 90 117.506(3) 90 93.333(3)
V, A3 1502.3(3) 457.9(1) 2785.4(2) 641.7(1)
z 8 4 16
Pealca g CNT 3 2.193 2.944 2.528 2.569
F(000) 968 384 2048 472
u, mmt 2.642 (Mo Ka) 34.25 (Cu k) 23.08 (Cu k) 24.95 (Cu k)
diffractometer Bruker Smart Bruker D8 Advance Bruker D8 Advance Bruker D8 Advance
T,K 298(2) 298(2) 298(2) 298(2)
indexing method Sve SvD# SvD*
indexing FOM M2§(15) = 27 M?26(19) = 37 M?26(22) = 36
26 range, deg 6.7855.14 11105 5-105 5-105
Ndata 1735, indepF, 4701y, 5001,y 5001y,
Nobsd 1413, indepFo > 40(Fo) 531,F, 487,F, 812,F,
FOMs 0.071, 0.135 0.091,0.118 0.086, 0.109 0.074, 0.092
Reragd 5.052 5.901 3.723
GOF 1.39¢ 1.55® 1.56® 1.56&
viz, A3 187.8 114.4 174.1 160.4
highest peak (e A3) 1.114
deepest hole (e &) —-0.720
pref orient pole [010] [103] [001]

ARL[F)an = YIFo| — [FIVY|Fol, WR2(F?)an = [YW(Fo? — FAZIWFIY2 PRy = Jilyio — Yic/YilYiol, Rap = [ZiWi(Yio — Y10 YWi(¥i.07*2 © Reragg =
Snllno = Incl/Tnlno ¢ (F?) = [SW(F? — FA(N — p)IY2 €52 = Tiwi(Yio — ¥i.d?(Nobsa — Npap, with Fo andF¢ observed and calculated structure factors,
n andp the numbers of reflections and refined parametggsandy; c observed and calculated profile intensities, diad| and|l, | observed and calculated
Bragg reflections intensities, respectively = 1/[0%(Fo?) + (0.01P)2 + 1.88P), P = (Fo? + 2FH)/3, andwi = 1lyi .

1161 m, 827 m, 802 m, 685 m, 585 m. Also this material is nearly R1, wR2, and goodness of fit agreement factors and details on data
colorless and presents MLCT UV absorption bands well below 400 collection and analysis fat can be found in Table 1.
Ab initio X-ray Powder Diffraction Characterization of 2 —4.

nm.

Second-Order NLO Kurtz —Perry Measurements.The 1064

The powders o2—4 were gently ground in an agate mortar and

nm initial wavelength of a Nd:YAG pulsed laser beam was shifted then deposited with care in the hollow of an aluminum holder
to 1907 nm by stimulated scattering in a high-pressure hydrogen equipped with a zero background plate (supplied by The Gem
cell. A portion of this beam was directed on sample-containing Dugout, State College, PA). Diffraction data (CuKadiation, .
capillaries. The scattered radiation was collected by an elliptical = 1.5418 A) were collected on &6 Bruker AXS D8 Advance
mirror, filtered to select only the second-order contribution, and vertical scan diffractometer, equipped with primary and secondary
recollected with a Hamamatsu R5108 photomultiplier tube. SHG Soller slits, a secondary beam-curved graphite monochromator, a
efficiency was evaluated by taking as reference the SHG signal of Na(Tl)I scintillation detector, and pulse height amplifier discrimina-
tion. The generator was operated at 40 kV and 40 mA. Optics

urea.

Single-Crystal Structure Determination of 1. A suitable
colorless platelet ot was mounted in air on the glass fiber tip of

used: divergence slit ®5antiscatter slit 0.5 receiving slit 0.2
mm. Nominal resolution of the present setup ¢5=2 0.07 for the

a goniometer head. The data collection was performed on a BrukerSj(111) peak at @ = 28.44 (o, component). Long scans were
AXS SMART CCD area detector equipped with graphite-mono- performed with 8 < 26 < 105, witht = 15 (2, 3) or 25 @) s and

chromatized Mo K radiation ¢ = 0.71073 A) by applying the
scan method. A total of 1800 frames were acquired wth =
0.3, t = 60 s per frame, and the sampléetector distance fixed
at 2.905 cm. Data reduction within the sphere with 2 55.14

A260 = 0.02.

For all species, indexing was obtained by applying the single-
value decomposition approaétas implemented in the TOPAS-R
suite of progran® [2, monoclinic,a=7.58 A/b=5.42 A c=

afforded 18147 reflections, 1735 of which were unique and 1413 12 56 A g = 117.5, M(15)¢ = 27; 3, orthorhombica = 19.97

of which were observedl [> 20(1)]. An empirical absorption
correction was appliedt The structure was solved by direct

A, b=39.36 A c =354 A M(19) = 37; 4, monoclinic,a =
13.75 A,b = 835 A, c = 5.61 A, g = 93.#, M(22) = 36].

method&? and refined with full-matrix least-squares calculations Systematic absences indicaf®i/c, Fdd2, andP2; as the probable

on F2.23 Anisotropic temperature factors were assigned to all atoms space groups fof, 3, and 4, respectively, later confirmed by
but hydrogens, riding their parent atoms with an isotropic temper- syccessful solutions and refinements. Structure solutions were
ature factor arbitrarily chosen as 1.2 times that of the parent itself. performed using the simulated anneaffigchnique implemented
Hydrogen atoms have not been added to the water molecules. Finajnh TOPAS-R. Both 4-pymo and 5-nitro-2-pymo ligands were treated

(21) Sheldrick, G. M.SADABS Program for Empirical Absorption

Correctionn University of Gdtingen: Gitingen, Germany, 1996.

(22) Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi, A.; Moliterni,
A. G. G,; Burla, M. C.; Polidori, G.; Cavalli, M.; Spagna, RIR97:
package for structure solution by direct methpdsiversity of Bari:

Bari, Italy, 1997.

(23) Sheldrick, G. MSHELX97: program for crystal structure refinemgnt
University of Gdtingen: Gitingen, Germany, 1997.

as rigid bodies (the latter flexible at the-GIO, torsion). In the
case of 4-pymo, average bond distances and angles were assigned

for powder diffraction data.

(24) Coelho, A. AJ. Appl. Crystallogr.2003 36, 86.
(25) Topas-R, Bruker AXS: General profile and structure analysis software

(26) De Wolff, P. M.J. Appl. Crystallogr.1968 1, 108.

(27) Coelho, A. AJ. Appl. Crystallogr.200Q 33, 899.
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Figure 1. From the top, Rietveld refinement results for [Ag(4-pyme} [Ag(NP)(NHs)]n, 3, and [Ag(NP)}, 4, as appreciable from experimental, calculated,
and difference diffraction patterns. Peak markers are at the bottom. For the sake of clarity, the portion &bageb®®n magnified.@nd2, 3x; 3, 1.5x).
Horizontal axis: 2, deg. Vertical axis: counts. Peaks marked in blue in the diffractogram of spegsesent traces of residual pristine [Ag(NP) @)/

on the basis of the results of the single-crystal measurement ontion (with [010], [103], and [001] poles f&, 3, and4, respectively),

compoundL (C—Cand GN=1.35A C0=125A CH=
0.95 A, ring bond angles 1200 At variance, for 5-nitro-2-pymo,

and spherical harmonics to describe anisotropic peak shape
broadening (with fourth and second ordersZ@nd3, respectively).

average literature bond distances and angles were adopted (for théVletal atoms were given a refinable, isotropic displacement

heteroaromatic ring, €C and G-N = 1.40 A, C-0 = 1.25 A,
C—H =0.95 A, ring bond angles 120.0for the nitro group, &N
and N~O = 1.25 A, N~O—N and G-N-0 = 120.0). The final
refinements were performed by the Rietveld method using TOPAS-

parameterBy), while lighter atoms were assigned a comnibsr

By + 2.0 A2 value. Scattering factors, corrected for real and
imaginary anomalous dispersion terms, were taken from the internal
library of TOPAS-R. FinaR,, Rup, Reragy andy? agreement factors

R, maintaining the rlgld bodies described above. Peak Shapes Wereggnd details on the data collections and ana|yse§-fm can be

described by the fundamental parameter appréadine experi-
mental background was fit by a polynomial description. Systematic
errors were modeled with sample-displacement angular shifts,
preferred orientation corrections in the Mardbollaseé® formula-

(28) Cheary, R. W.; Coelho, A. Al. Appl. Crystallogr.1992 25, 109.
(29) (a) March, A.Z. Kristallogr. 1932 81, 285. (b) Dollase, W. AJ.
Appl. Crystallogr.1987, 19, 267.

found in Table 1. Figure 1 shows the final Rietveld refinement
plots.

Crystallographic data (excluding structure factors) for the
structures reported in this paper have been deposited at the
Cambridge Crystallographic Data Centre as Supplementary Publica-
tion Nos. CCDC 267604267607. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Rd.,
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Cambridge CB2 1EZ, U.K. [fax,44)1223 336-033; e-mall, 220 -
L y =26.0x + 1183
200

deposit@ccdc.cam.ac.uk].

Results and Discussion 180

Synthesis, Thermal Behavior, and Solid-to-Solid Phase /
Transformations. Reaction of 4-hydroxypyrimidine and Ag- 140
(1) salts in agqueous ammonia medium gives colorless flakes ,,, l/
which, upon exposure to air, afford [Ag(4-pym2)5H,0];,
(2). The water content of has been confirmed by thermo- 0 05 : 15 i as A
gravimetric and differential scanning calorimetric analyses, _. . . ' .

. . . : Figure 2. V/Z (A3) as a function of the number of hydration water molecules
showing that the hydration molecules are lost in a single- in the [Ag(4-pymojmH.OJ. (m= 0, 2; m= 2.5, 1) species (tilted squares)
step endothermic process centered at aboultGHAH = and in the Ag(2-pymo) compounds (squares). Viigvalues corresponding
18.0 kJ mot?), occurring in a relatively wide temperature to 1a and 1b are reported on the vertical axis (circles), thus allowing

. . . approximate determination of the corresponding water content (dashed lines).

range (46-100°C). Further heating of this material promotes
a recrystallization process (onset at 8 AH = —8.4 kJ
mol-1) to microcrystalline [Ag(4-pymo)](2). dynamically favored phaskformed very quickly (as a white

At variance, reaction of 2-hydroxy-5-nitropyrimidine and 1acquer of highly oriented platelets). Nevertheless, on a few
Ag(l) salts in aqueous ammonia medium affords [Ag(NP)- Occasions, we succeeded to measure the XRPD pattern of a
(NH5)], (3). The TGA and DSC traces show an endothermic Polyphasic mixture, whose peaks were attributed to the
event at 160°C (AH = 37 kJ mot?), followed by an elusive Ag(4-pymoBH,O phasela. Isolation of the latter
exothermic one (onset at 17&, AH = —2.7 kJ mot?). as apure compound was never possible. Nonetheless, an
While the first process is attributed to the evolution of XRPD pattern rich in it was obtained by collecting the
coordinated ammonia with a concomitant phase transition diffraction data of the pristine [Ag(4-pymeyHO]. species
to the amorphous [Ag(NP)kpecies, the latter is interpreted N its mother liquor, by employing a capillary mounting.
as a recrystallization to microcrystalline [Ag(NP){4). Although the low signal-to-noise ratio and the presence of
Decomposition of speciedand4 takes place at about 350 an intense halo from both the glass and the water environ-
and 410°C, respectively, with sharp weight loss effects on ment prevented any complete data treatment, it was however
the TG diagrams. These results confirm the high thermal €asy to state that the predominant phase lea®n the other
stability of some of the metal 4-pyrimidinolates ((M(4- hand, operating with #/6 Bragg-Brentano geometry, an

pymo)],) and 5-nitro-2-pyrimidinolates ([M(NR],) previ- XRPD trace relatively rich in another elusiv_e pha]sle:,late_r
ously observed by us ([M(4-pym4), Teec = 470 and 388  formulated as Ag(4-pym02l—!20, was obtained by setting
°C for M = Co® and Ni8 respectively; [M(NP)n,6 Tgec = the temperature of our heating stage at#43 °C.

460 and 490C for M = Co and Zn, respectively). The one- Both the diffractograms dfaand1b allowed the tentative
dimensional nature of the Ag systems vs the two-dimensional @ssignment of cell parameters, followed by successful Le
nature of the [M(4-pymal, (M = Co, Ni) and [M(NP}], Bail refinements {a, a = 7.20 A,b = 18.22 A,c = 12.03
(M = Co, Zn) derivatives may explain their slightly lower A, f =91.5,V =1577.4 &, 1b,a = 6.72 A,b = 11.96
thermal stability?® In this regard, it should also be noted A, ¢=16.71 A,V = 1345 &). The formulation ofla and
that the related [Ag(2-pymajf complex [Tgec = 300 °C) 1b in terms of their water content was deduced from the
shows lower thermal stability than speci2aind4, due to plot®? of V/Z as a function of the number of water molecules
its discrete nature. The remarkable high thermal stability of in the asymmetric unit fod, 2, [Ag(2-pymo)2H,O],, and
compound4 is a valuable quality, together with its transpar- [Ag(2-pymo)k (Figure 2). The water content db, [Ag(4-
ency, to propose it as a potential candidate for optical PYMO)2H:Ql,, is further substantiated by the fact that it is
applications in the field of solid-state second-order NLO. isomorphous to [Ag(2-pyme3HO], (Table 2).

As stated in the Experimental Section, the formatiod of ~ We even performed thermodiffractometric experiments,
is not straightforward but implies the previous formation of Which showed that, on starting frof the formation of2
the [Ag(4-pymo)mH,O], species in the form of colorless IMplies the intermediacy of different polycrystalline and
flakes, possessing an XRPD pattern that transforms, within @morphous species of progressively lower water content. This
minutes, into that ofl. The time evolution of the strongest Observation is supported by the broad DSC and TGA traces
peak of [Ag(4-pymoymH.,0,, in terms of intensity and@ ~ Oobserved below 180C.
position, suggested the presence of solid-state chemical Crystal Structure of 1. Crystals of1, belonging to the
reaction(s) (reasonably, dehydration). Accordingly, we tried OrthorhombicPcan space group, contain polymeric chains
to isolate the different intermediates of the reaction path(s) of [A9(4-pymo)} formulation and three crystallographically
by (i) carefully tuning the grinding procedure and (i) independent clathrated water molecules, one of which is
acquiring the diffractograms in conditions of controlled l0cated on a 2-fold axis parallel & The crystal packing of

heating and relative humidity: in most cases, the thermo- 1, viewed down [100], is shown in Figure 3. Each chain
contains linearly coordinated Ag(l), about 6.0 A apart,

(30) Even if the three-dimensional Zn(4-pymepecies decomposes slightly
below 300°C 8 (32) The plotin Figure 2 (i) confirms the presence of a clear, definite trend

(31) Masciocchi, N.; Moret, M.; Corradi, E.; Ardizzoia, G. A.; Maspero, and (ii) allows the estimation of an average “molecular” volume (26.0
A.; La Monica, G.; Sironi, Alnorg. Chem.1997, 36, 5648. A3) for each occluded water molecule.
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Table 2. Relevant Structural Parameters and Details for M(XP) Speciés

[AQ(4P)(W).s]n [Ag(4P)l [Ag(NP)(NHs)]n [Ag(NP)]n
[Ag(2P)(W)ln [Ag(2P)ls ) 2 (©) 4

cryst syst orthorhombic monoclinic orthorhombic monoclinic orthorhombic monoclinic
space group Pbca R/m Pcan Ri/c Fdd2 P2,
a, 6.603(1) 9.0149(4) 7.1981(7) 7.5756(4) 19.9772(7) 5.6054(2)
b, A 11.933(2) 18.808(1) 11.9620(12) 5.4207(2) 39.3924(15) 8.3407(3)
c A 16.743(3) 8.9114(3) 17.4481(18) 12.5711(6) 3.5390(1) 13.7479(6)
f, deg 90 95.776(3) 90 117.506(3) 90 93.333(3)
structure 1D 0D 1D 1D 1D 1D
Ag stereoch AgN2 AgN2 AgN,(O) AgN2 AgN3z AgN>(O)
Ag--+Ag,c A 5.967(1) 5.909(5), 6.117(6) 6.035(1) 6.287(3) 6.208(3) 5.665(5), 5.730(6)
Ag-++Ag,d A 3.302(1) 2.962(2), 3.061(5) 3.719(1), 3.777(1)  3.255(3), 3.485(3)  3.5390(1) 3.139(5)
XP coord 7%-N,7%-N 7%-N,7-N 7N, 7N 7'-N,p'-N 7%-N,7%-N 7%-N,7%-N

AG—Npymo A 2.114(3), 2.117(3)  2.114(8), 2.153¢7) 2.147(6),2.148(6)  2.155(5), 2.157(5)  2.265(6), 2.185(7)  1.994(12), 2.136(12)
2.120(13), 2.125(16)

rt color colorless colorless colorless colorless cream cream
Tdea °C 8d 300 653 340 160 380
method SX PD SX PD PD PD
ref 37 31 this work this work this work this work

a2p = 2-pyrimidinolate; 4P= 4-pyrimidinolate; NP= 5-nitro-2-pyrimidinolate; W= water molecule? Weak, nonbonding contacts in parentheses.
¢ Ag--+Ag bridged interactiond Ag-++Ag intermolecular interaction® Two independent metal centefesolvation and solid-to-solid phase transformation.
9 SX = single-crystal X-ray diffraction. PB= X-ray powder diffraction.

Figure 3. Representation of the packing motif in [Ag(4-pyn@pH,O],, 1, viewed down [100]. Horizontal axisc. Vertical axis: b. The slightly distorted
linear coordination of the metal centers, bound to tWN'-bridging 2-pymo ligands and weakly interacting with the oxygen atom of a nearby water molecule
(dashed violet lines), as well as the one-dimensional [Ag(4-pymmlymeric chains, can be appreciated. The extensive network of hydrogen-bonded
contacts involving water molecules and exocyclic oxygen atoms is depicted with fragmented, brown lines.

bridged by 4-pymo ligands acting in the comnTgjN'-exc the presence of the Bymmetry operator) zigzagging ribbons
bidentate mode [AgN = 2.147(6) and 2.148(6) A, NAg—N running alongb. Much shorter Ag-Ag contacts [3.719(1)
= 166.5(2)]. The slightly distorted linear coordination of and 3.777(1) A] are present between different chains, and
the metal centers is due to a weak nonbonding interactionnearly eclipsed aromatic rings can be appreciated atong
between the metal itself and the oxygen atom of a nearby The oxygen atoms of the 4-pymo ligands are not involved
water molecule [Ag-O = 2.81(7) A, N-Ag--O = in the coordination to the metal ions. Rather, they participate
97.0(2y and 94.8(2)]. in an extensive network of hydrogen-bonded contacts with
Theall-trans sequence of the polymer chains (as defined the water molecules present in the crystal lattice, as withessed
by the dihedral angle between two adjacent heterocylesby the short @-O contacts (ca. 2:72.8 A) depicted in
bound to the same Ag ioh2 here 180) generate (due to  Figure 3 as fragmented lines. Within this complex network,
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Figure 4. Representation of the packing motif in [Ag(4-pymg)?, viewed down [100]. Horizontal axisc. Vertical axis: b. The one-dimensional [Ag-
(4-pymo)}, chains, running along thedirection, interact through extensive AgAg argentophilic contacts (dashed lines), generating two-dimensional slabs
in the bc plane.

two distinct sequences of five water molecules bridge temperature phase, since the integrity of the chain connec-
symmetry-related pymo oxygen atoms, one stretched alongtivity could be maintained even without lattice periodicity.
b, the other winding up along, with O-++(H,O)s-+-O pitches Worthy of note, the thermal decomposition of the [Ag(2-
of 13.73 and 4.37 A, respectively. The presence of such apymo)2H,0], analogue followed a similar route, through
rich hydrogen-bonded network might be at the basis of (i) two subsequent amorphization and recrystallization steps,
the stability of the crystal phask with respect to other, leading, however, tayclic [Ag(2-pymo)k hexamers (dem-
elusive, hydrated phases (see above) and (ii) the orderecbnstrating that Ag-N bond breaking extensively occurred).
location of the exocyclic oxygen atoms in the crystal [which,  Crystal Structure of 3. Crystals of3 crystallize in the
e.g., in the copper(ll) 4-pymo polymer, were found statisti- acentric orthorhombic space groupdd2 and contain

cally distributed over the two equivalent positicinans to [Ag(NP)]» monodimensional polymers with NHinolecules
the metal-bonded N atorfts branching out at the Ag(l) sites [AgNH; = 2.403(2) A].
Crystal Structure of 2. Theanhydrousspecie® crystal-  As in 1 and2, the diazaaromatic ligands bridge, in tRgN'-

lizes in the monoclinid2:/c space group, and, similarly to  €xobidentate mode, Ag-Ag vectors of 6.208(3) A, making
what is observed irl, contains polymeric [Ag(4-pyma)]  Ag—N bonds of 2.185(7) and 2.265(6) A. Yet, at variance
chains (running along); its crystal packing, viewed down  With what is observed id and2, due to the presence of the
[100], is shown in Figure 4. Also in this case, each chain NHs moieties, the Ag(l) ions are trigonally coordinated, with

contains linearly coordinated Ag(l) ions bridged byN'- N—Ag—N angles of 104.9(3) 126.6(5), and 126.8(3)
exobidentate 4-pymo ligands [AgN = 2.155(5) and adding up to ca. 358 The complex crystal packing, viewed
2.157(5) A, N~Ag—N = 161.1(3}, bridged Ag--Ag = downc, is shown in Figure 5, where tlextremelyanisotropic

6.287(3) A). Yet, the dihedral angle between adjacent 4-pymo Unit cell shape can be easily appreciatbe, projection axis
ligands is only ca. 1320 that2 cannot be strictly considered ~ being significantly lower than 4 A

an all-trans po|ymer_ In the present casejuch shorter Each chain has the shape ofa wavy ribbon but, due to the
Ag-++Ag interchain contacts [3.255(3) A] than Iy of the idealizedN—Ag—N bond angles i3 (120°) vs 1 or 2 (180°),
argentophilic typé3 can be evidenced, generating two- thesame all-transsequence of the pymo ligands affords a
dimensional slabs built upon the extensive interaction of markedly different structurgolarin nature: indeed, the rod
parallel [Ag(4-pymo)] chains, and possibly responsible for Symmetry inl and2 is pma2 but onlyplal in 3. Due to the

the nonlinear geometry of the digonal silver ions. very shortc axis, slabs ofequiorientedchains can be

Ordered exocyclic oxygens are present even in this case:€nvisaged, stacked in ttiedirection. _ o
Even if it cannot be easily appreciated in the projection

this might be the trace of the original order foundLibefore o X . X i
shown in Figure 5, the chains are slightly tilted (in and out

thermal transformation, through water elimination, ir&o h )
of the ac plane drawn therein), making an angle of about

Following such a transformation in situ by XRPD, we .
observed, before the quantitative formation2ofan inter- 45° to each other. Thus, they are best represented by bundles
running in the f£1 0+3] directions, about 220ff from a.

mediate amorphous phase; therefore, a direct crystal-to- . i
crystal reaction can easily be excluded. However, this 1€ €xperimental observation of thepleted103] preferred

. . . ientati - 9 i ]
observation alone does not disfavor the proposed interpreta2fientation pole (= 1.09§° thus finds a structural explana

tion of the ordering of the oxygen atoms in the high- tion

(34) Alternatively, similar results can be obtained by employing tk& 0
(33) Romero, M. A; Salas, J. M.; QuspM.; Saachez, M. P.; Molina, J.; pole, consistent with the weaker nature of the interslab contacts along
Elbahraoui, J.; Faure, R. Mol. Struct 1995 354, 189. the b direction.



4822 Chem. Mater., Vol. 17, No. 19, 2005

Galli et al.

L

L
3

<
<

DAy
I

Figure 5. Representation of the packing motif in [Ag(NP)(MH, 3, viewed down [001]. Horizontal axisa. Vertical axis: b. The [Ag(NP)} one-

dimensional polymers, presenting Blholecules branching out at the Ag(l)

The nitro groups are not significantly interacting with other
atoms, and the refined value of their off-plane tilt is only
3.6(9Y¥, thus favoring charge delocalization over the whole
ligand. As will be discussed later in the frame of the SHG-
dedicated paragraph, the NGO vector (bisecting the
heterocyclic ligand, of idealize@,, symmetry) makes angles
of 59.7, 31.3, and 93.8 with the crystallographie, b, and
C axes, respectively.

Together with a short “intramolecular” contact with the
exocyclic oxygen of a neighboring NP ligand fNO =
3.05(3) A], the coordinated NfHHmolecule is also involved
in weak hydrogen-bond interactions with two oxygen atoms
of two nearby nitro groups [N-O = 3.11(3) and 3.19(2)
A]. As not all the angles at the NHnitrogen atom are

sites, run actually along thike(Q 3] direction.

nitro group, as in the case of Agl [Agi032 = 2.65(1)
A], or an NP ligand, as for Ag2 [Ag2:051 = 2.82(5) A].
Again, the nitro groups are nearly coplanar with their
aromatic rings [refined torsional angles of 4(&nd 9(1J].

The dihedral angles between adjacent rings are ca. 67
and 1%, thus indicating a chain conformation very different
from those observed i and 2. Taking into account the
2-fold nature of the screw axis and the presence of two
independent Ag metal centers, an idealizgdhdlix can be
devised, with a pitch of 8.3407(3) A, the full length of the
b axis. This novel conformation might be the manifestation
of unprecedented interchain interactions driven by either the
“radially” distributed nitro groups (absent ih and 2) or,
more likely, a new pattern of short argentophilic contacts

compatible with a tetrahedral geometry, we may suggest thatbetween parallel chains [AgtAg2 = 3.139(5) A], leading

such interactions are rather weak and thezNhbiety is
actually free to rotate about the AdN axis.

Crystal Structure of 4. The noncentrosymmetric crystals
of 4 are monoclinic, space group2;, and contain helical
[Ag(NP)]» polymers winding up the screw axis parallel to
b. The crystal packing, viewed down [100], is shown in
Figure 6. Two crystallographically independent silver ions
are present (Agl and Ag2 in the following), as well as two
independent NP moieties, both bridging -Ad\g vectors of
similar values [Agl:+Ag2 = 5.6650(2) A, Agt:-Ag2
5.7294(2) A]. TheN,N'-excbidentate ligands form AgN
bonds in the range 1.992.14(1) A. Both silver ions are
nearly linearly coordinated, with NAg—N values of
165.9(8Y and 161.2(7) for Agl and Ag2, respectively. The
linear coordination is slightly distorted by weak nonbonding

to a two-dimensional network of weakly bound homochiral
helices (ofpl12 rod symmetry). Affecting the reciprocal
arrangement of the helices, the energetics of the inter-
molecular interactions reasonably control the formation of
the bulk polarity within each crystallite. In this respect, it is
worth mentioning that the role of both the helicity in
organizing the one-dimensiodahnd the nonbonding inter-
actions in promoting the three-dimensional polar alignidtent
have already been addressed in the recent past.

In this species, the two crystallographically independent
NO,:--O vectors make angles of 137,7.21.3, and 61.9
and 77.8, 68.3, and 27.% with the a, b, and ¢ axes,

(35) (a) Han, L.; Hong, M.; Wang, M.; Luo, J.; Lin, Z.; Yuan, Bhem.
Commun.2003 2580. (b) Philip Anthony, S.; Radhakrishnan, T. P.
Chem. Commur2004 1058.

interactions with an oxygen atom belonging to either a nearby (36) Philip Anthony, S.; Radhakrishnan, T.Ghem. Commur2001, 931.
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Figure 6. Representation of the packing motif in [Ag(NR)#, viewed down [100]. Horizontal axisc. Vertical axis: b. The linear coordination of the

Ag(l) metal centers, bound to twe,N'-bridging NP ligands, is slightly distorted by weak nonbonding contacts with the oxygen atoms of nearby nitro groups
(dashed lines). The homochiral [Ag(NR}elices, winding up the screw axis parallellipare weakly connected by short argentophilic contacts irathe
plane (also shown as dashed lines), leading to a two-dimensional network.

respectively. These values will be discussed later in the framethose ofl. In all these cases, one axis falls near 12 A and is
of the nonnegligible SHG activity measured #r nicely related to the zigzag sequence of tig'-bridged

Comparative Structural Analysis. Silver ions have been  Ag-:-Ag vectors within anall-trans polymer (vide supra),
employed in the past with a number of diazolates in building while the shortest axis is a manifestation of the stacking of
one-dimensional polymers and cyclic oligomeric speéles; the polymers (%). In addition, the most intense peak
when 2-pymo alone was employed, the hydrated [Ag(2- (occurring at 9.7, 10.1°, and 10.8 in 1a 1, and 1b,
pymo)2H,0], phase, containing collinear metal iofignd respectively, suggesting their “nearly isostructural” nature)
an unexpected [Ag(2-pym@)hnnular speciéswere isolated.  well addresses the packing of neighboring chains and reflects
Though cyclic compounds have not been detected in thethe presence, or absence, of guest water molecules. The
4-pymo and NP systems (see Table 2), a number of structuralstoichiometries proposed abova, the absence ofu#dent
features are common to many (or most) of these species. analytical data and of a clearly determined crystal structure

(a) Apart from the ammoniated specigsthe Ag(l) ions are based on the known formula &f and on the molar
are typically digonal, but their coordination geometry is volumes assigned to these species, i.e., 200, 188, and 168
somewhat distorted by the presence of ancillary interactions,A% in 1a, 1, and 1b, respectively, as well as 1653%or
due to either swinging polar ends of neighboring ligands or [Ag(2-pymo)2H,0],.
the presence of “argentophilic” contacts. Nonlinear Optical Properties. Testing the SHG efficien-

(b) Once these short AgAg interactions are taken into  cies on unsieved powders 8fand4 via the Kurtz-Perry
account, the dimensionality of the structures increases, andpowder methott working with an incident wavelength of
2D, or even 3D, networks can be envisaged. 1907 nm resulted in a lack of SHG for the former and in an

(c) All-trans sequences of heteroaromatic ligands are SHG efficiency on the same order as that of urea for the
common, although helical polymers can be (more rarely) latter.
found (see, for example, ref 18). The nonnegligible difference in the SHG performances

(d) In the case of 4-pymo, the crystal packing is only prompted us to search for those structural aspects that could
marginally sensitive to the presence of water molecules, andbe at the origin of such a distinct behavior. According to
(as discussed below) still elusive, (poly)hydrated phasesthe so-called “two-level modeP8the molecularsecond-order
could be detected. NLO response of organic and, to a lesser extent, organo-

Indeed, despite the preferential orientation of the (poly)- metallic species, is mainly dictated by one major charge
crystalline materials obtained during the drying process (in transfer (CT) process. In theolid state however, the
air) of the specieda, the proposed lattice metrics of the molecular contribution is somehow “modulated” by the
few “intercepted” phases can be well compared to those of reciprocal arrangement of the individual molecular entities.
the already known [Ag(2-pymedH,O].*” polymer and to ~ This concept was successfully tackled by Z$ssyho
eventually proposed a set of geometrical relationships linking
(37) Quires, M. Acta Crystallogr.1994 C50, 1236. the molecular quadratic hyperpolarizability along the CT axis
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(BcT) to the components of the crystalline nonlineagigr Bt for 3 is not significantly different from zero, whild
molecule ber). Thus, to rationalize the solid-state NLO has a modest, butorwanishing aerall bes/Scr.

behavior of3 and 4, we evaluated the phase-matchable On the basis of these arguments, if a crystal phase
components obe according to Zyss’ geometrical model. admitting a correct orientation dbthNO,---O vectors were
The latter was applied (i) adopting an “oriented gas” model, ever found, i.e., a backbone with an optimal decoration, we
i.e., supposing that the different chromophores interact only can anticipate that an SHG signal (proportionabtg?) 2
weakly, (i) assuming, at first approximation, that in both orders of magnitudehigher than that of4 should be
species the SHG active moieties can be described by a onemeasured; since the observed efficiency was measured to
dimensional system whose axis coincides with the CT be on the same order as that of standard urea (for the
direction, and (iii) identifying the CT axis with the N©-O orientation of the dipoles far from ideal), this validates the
vector. Actually, in the presence of the 5-nitro-pyrimidin- choice of 5-nitropyrimidin-2-olate as a promising SHG-active
2-olate moiety, it can be reasonably admitted that the chargechromophore. Indeed, theoretical calculatirafforded a
transfer electronic transition dominating the two systems f,;; value (the axial component of the molecular hyper-
under investigation is the one involving the nitro group and polarizabilility tensor) for the NP ligand (7.9¢ 10-%° esu)

the exocyclic oxygen atom. The metal center does not only slightly lower than that for 4-nitrophenolate (9.65
actively participate in generating the second harmonic (i.e., 10720 esu)?! widely used as a building block in NLO-active
neither a metal to ligand nor a ligand to metal CT is invoked); metal complexe&
rather, its main role is the structural anchorage of the

chromophores. In the present case, since Ag(l) favors linear ) o )
coordination, the assembly of silver ions an@®ébidentate _ The syntheS|s, characterization, aqd structural determina-
chromophores generates one-dimensional polymers, as altion, by single-crystal and unconventional laboratory X-ray

ready found for pyrazolate, imidazolate, and pyrimidinol-2- Powder diffraction methods, of four new silver(l) pyrimidi-
ate silver(l) and copper(l) specits. nolate polymeric species has been reported. XRPD has also

allowed the detection of (still) elusive polyhydrated Ag(4-
pymo)ynH,O (n = 2, 3) species. Among these polymers,
Ag(NP)(NHs;) and Ag(NP) were found to crystallize in
noncentrosymmetric space groups, thus being ideal candi-
dates for SHG activity. The structural features of these
species are discussed in comparison with already known
oligomeric or polymeric silver pyrimidinolates and their SHG

expressiores = cos@) sin?(0) Scr, with 0 the angle from activities interpreted on a strict structural basis. Further work

the assumed CT axis to the uniguaxis. The optimum value ~ €an be anticipated in the direction of testing new (poly)-
of beilfcr = 0.385 is obtained fof = 54.74, while null substituted pyrimidines with a number of transition-metal

activity is expected fof = 0 and 90. In the actual case, ions, aiming for the preparation of thermally stable, magneti-
with only one independent ligand,= 93° and we obtain a cally active, and SHG-effective polyfunctional materials.

Conclusions

Following the formulation by Zyss, the crystallographic
classes of both compoundsnif?2 and 2 for 3 and 4,
respectively) grant the same optimized efficiency (38%).
Finding a structural explanation for their different experi-
mental performances is thus desirable.

According to themn®? point symmetry of3, the phase-
matchable component ol to be optimized has the

value of 0.05(4% for beg/fcr. Optimization of the SHG efficiency of these species by finely
Also for compound4, belonging to crystallographic class tuning the structural features of the obtained polymers is also
’ under way.

2, the component df.; to be maximized in phase-matching
conditions isbe = cos@) sirf(0) Scr, 6 being the angle Acknowledgment. The Italian Ministery for Education and
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two error bars are marked|y different: Consequenﬂy ma,é hyperpolarizabilities have been computed at the B3LYP/6-311G(2d,-
’ ’ 1p) level of theory using Gaussian 03W, revision C.02, Gaussian, Inc.,
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(38) (a) Zyss, J.; Oudar, J. IPhys. Re. A 1982 26, 2028. (b) Zyss, J.; (41) Evans et al. (Evans, C. C.; Bagieu-Beucher, M.; Masse, R.; Nicoud,
Chemla, D. S. IlNonlinear Optical Properties of Organic Molecules J.-F.Chem. Mater1988 10, 847) have reported a differefit,,value
and Crystals Chemla, D. S., J., Zyss, J., Eds.; Academic Press Inc.: for this anion (18.2x 10730 esu) but with a different computational
Orlando, FL, 1987; Vol. 1, pp 23187. scheme.

(39) Error bars are estimated for an uncertainty value on the angle (42) Evans, C. C.; Masse, R.; Nicoud, J.-F.; Bagieu-Beuched, Mater.
conventionally taken as°Qtypical for XRPD data). Chem.200Q 10, 1419.



