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Three new amine templated uranium phosphites, [CoNaHio][U2VFs(HPO3)s], 1, [CaNaH1o][U2VFs(HPO3),], 2, and
[CaNoH1][(UV'0,),F2(HPO3),], 3, have been synthesized by hydrothermal methods. All of the compounds are built
up from a connectivity between U(O/F), (x = 7, 8) and HPOj3 polyhedral units. The observation of a well-established
secondary building unit, SBU-4, in 1 and 2 is noteworthy. In 1, the SBU-4 units are connected to form U-F-U
chains, which are linked by U-O—P chains, forming the layered structure. In 2, the SBU-4 units are edge-shared
and also interconnected forming the 3D structure. In 3, the connectivity between the building units forms a layer,
the topology of which is similar to the mineral, johannite. To the best of our knowledge, this is the first observation
of a well-known secondary building unit (SBU-4) in actinide framework compounds. Optical studies on 1 and 2,
containing U** species, indicate an intense blue emission through an upconversion process, and the magnetic

susceptibility studies show antiferromagnetic behavior.

Introduction bee

There is currently much interest in the study of compounds
exhibiting open structures based on phosphite networks. The,
phosphite compounds, like the phosphate-based ones, sho
excellent variety and diversity in their structufebtense
research activity during the past few years resulted in the

Sty

in the area of ion-exchange, catalysis, ®fdost of the
reported open-framework phosphate and phosphite com-

n synthesized, research on lanthanide and actinide phos-

phites has been rafdJranium-based compounds are being
investigated because of their remarkable coordination chem-

relevance to geochemistry, and possible applications

isolation of many phosphites, for example, 242, Cr Mn,®
FeS Co, etc. Whereas a large number of organically
templated transition and main-group element phosphites have
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pounds of uranium possess uranium ift@oxidaton staté®® consistent with the simulated XRD patterns obtained from the
The synthesis of three-dimensionally extended structuresstructures determined using single-crystal XRD (Supporting infor-
based on uranium is a great challenge. We have beenmation, Figures S1, S2, and S3).

interested in the study of uranium phosphites to understand TGA (Mettler—Toledo, ThermoSTAR) studies were performed
the reactivity, the coordination preferences, and the oxidation N @n atmosphere of flowing air (flow rate 50 mL/min) in the
state of uranium. During the course of this study, we have €mperature range 2800°C (heating rate= 5 °C/min). The result
now prepared three new uranium phosphites. The com-'nd'(f‘""te.OI a two-step .We'ght loss for .a” of t.he Compounds (S.Up_
pounds, [GNoH1g[Us"Fs(HPO)s], 1, [CaNaHusl[U 2" Fe- porting information, Figure S4). The first weight loss in the region

Vi 250-450°C corresponds to the decomposition of amine molecules,
(HPGy)2], 2, and [GNH1[(UYO2)2F(HPQy)2), 3, have been 5 the second weight loss in the range 4880 °C corresponds

prepared, employing hydrqthgrmal methods..Of thésmd to the loss of fluorine. It is likely that the water molecules formed
2 have uranium in at-4 oxidation state. In this article, we  during the combustion of the organic molecule hydrolyze the

describe the synthesis, structure, optical, and magneticfluoride ion in the framework, thereby resulting in the formation

properties. of volatile hydrogen fluoride. The calculated weight loss total for
the amine and the fluorine molecules are 21.67% (7%644.03)
Experimental Section for 1and 24.11% (10.5% 13.60) for2. The observed weight losses

are 14.86% fofl and 21.66% foR. These differences between the
calculated and observed weight loss can be explained by considering
the oxidation of P(lll) to P(V) and U(IV) to U(VI) for all of the
compounds. The calculated weight gain due to the oxidation of
P(lI) to P(V) is 3.94% forl and 3.81% for2, respectively. Fof.
and?2, the calculated weight gain due to the oxidation of U(IV) to
U(VI) is 1.97 and 1.90%, respectively. Thus, the total weight loss
would be 20.77% (14.86- 3.94+ 1.97) forl and 27.37% (21.66

+ 3.81+ 1.90) for2, which is much closer to the calculated weight
loss of 21.67% forl and 24.22% foi2, respectively.

IR spectroscopic studies were carried out in the range 0300
4000 cnrl, using the KBr pellet method (Perkin-Elmer, SPEC-
TRUM 1000). IR spectroscopic studies exhibited typical peaks
corresponding to the amine molecule, the metaiorine bond, and
the HPQ moiety for all of the compounds, with little variations in
their respective bands (Supporting information, Figure S5). IR
(KBr): v(N—H) = 3110-3390 cn?, v(C—H)asym= 2850-3050
cm ™, v(C—H)sym = 2825-2990 cn1?, v(P—H) = 2402-2427
cmL, 0(N—H) = 1515-1620 cnt?, 0(C—H) = 1450-1480 cnt,
v4(C—N) = 1090-1130 cm?, vod P—0) = 1050-1080 cn1?, da¢
(P—H) = 950-1020 cm?, v¢(P—0) = 820-920 cn1%, 64(P—0)

The uranium phosphite$, 2, and 3 were synthesized using
hydrothermal methods. Typically, for the synthesis 19fUO,-
(OAC),*2H,0 (1.0603 g) was dispersed in 9 mL of water. To this,
H3PO; (0.82 g) and ethylenediaminer) (0.16 mL) were added
with constant stirring. Finally, HF (48%, 0.35 mL) was added, and
the mixture was homogenized at room temperature. The final
reaction mixture with the composition 1Y@Ac),-2H,0/4H;POy/
1en4HF/200B0 was heated in a 23 mL PTFE-lined stainless steel
acid-digestion vessel at 18 for 24 h, followed by heating at
200°C for 24 h. For the synthesis @f UO,(OAc),-2H,0 (1.0603
g) was dispersed in 9 mL of water. To thisgf0; (0.82 g) and
piperazine (PIP) (0.21 g) were added with constant stirring. Finally,
HF (48%, 0.35 mL) was added, and the mixture was homogenized
at room temperature. The final reaction mixture with the composi-
tion 1UO,(OAC), 2H,0/4H;POy/1PIP/4HF/200H0 was heated in
a 23 mL PTFE-lined stainless steel acid-digestion vessel at@80
for 24 h, followed by heating at 200 for 24 h. For the preparation
of 3, a reaction composition of 1UQDAC),-2H,0/4H;POs/1[1-
(2-aminoethyl) piperazine (AEPIP)]J/4HF/200B1 was heated at
180 °C for 24 h, followed by heating at 200C for 24 h. The
resulting product in each of the cases contained good quality single
crystals suitable for single-crystal X-ray diffraction, which were _ 550—6100 CNT, 0adP—0) = 450-533 e, vs (U—F) = 360~
filtered and washed thoroughly with deionized water. Thus, green 390 e

plate-like (1), green rod-like 2), and yellow plate-like3) crystals Single-Crystal Structure Determination. A suitable single

were obtained with good yields (65% far 70% for2, and 80% crystal of each compound was carefully selected and glued to a

for 3; based on uranium). thin glass fiber. The single-crystal X-ray diffraction data were
Initial characterizations were carried out by elemental analysis, COllected on a Bruker AXS Smart Apex CCD diffractometer at 293-

energy dispersive X-ray analysis (EDAX), powder X-ray diffraction (2)_ K. The X-rai/ generatolg was operated at 50 kV”and 35 _T‘A
(XRD), thermogravimetric analysis (TGA), and IR spectroscopic using Mo Kfa (fid_ho'71073 )lra;hatlonf. Data were co TICted(;N'_t
studies. Elemental analysis of the crystals was carried out using® scans of width 0.3 A total of 606 frames were collected in

atomic absorption spectroscopy (ThermoFinnigan FLASH EA 1112 thrge diﬁerf(sjnt settin?s (;ﬁ (0°, 90, 1803 l;]eeé)ing the sample-
CHNS analyzer). Elemental Anal. Calcd fbr C 2.95, H 1.49, N to-detector distance fixed at 6.03 cm and the detector positin (2

3.44: found: C 2.40, H 1.16, N 3.16; Calcd f2rr C 5.57, H 1.68, fixed at —25°. Pertinent experimental details of the structure
N 3.34: found: C 5.08, H 1.82, N 3.04: Calcd far C 5.81, H determination of all of the compounds are presented in Table 1.
1.70, N 3.39; found: C 5.28, H 1.85, N 3.02. An EDAX analysis ~ 1he data were reduced usiRAINTPLUS and an empirical
on many single crystals indicated a ratio of uraniufh= 1:1 for absorption correction was applied using BADABSprogram:?
all of the compounds, in addition to the presence of fluorine. ~ The crystal structure was solved and refined usBHELX-97°

The powder XRD patterns were recorded on crushed single Present in theWinGx suit of the program (Ver. 1.63.04a). The
crystals in the @ range 5-50°, using Cu Ku radiation (Philips  nvdrogen atom on the-FH group and the hydrogen positions of

X'pert Pro). The XRD patterns of the compounds were entirely the amine mole_cules of all of the co_mpoun_ds were located in the
difference Fourier map, and for the final refinement, the hydrogen

(10) (a) Francis, R. J.; Drewitt, M. J.; Halasamani, P. S.; Ranganathachar,
C; O'Hare, D.; Clegg, W.; Teat, S. Chem. CommuriL998 279. (b) (11) SMART(ver. 5.628) SAINT(ver. 6.45a) XPRER SHELXTL, Bruker

Danis, J. A.; Runde, W. H.; Scott, B.; Fettinger, J.; EichhornCBem. AXS Inc.: Madison, WI, 2004.

Commun 2001, 2378. (c) Doran, M. B.; Stuart, C. L.; Norquist, A. (12) Sheldrick, G. M.Siemens Area Correction Absorption Correction
J.; O’'Hare, D.Chem. Mater2004 16, 565. (d) Ok, K. M.; Baek, J.; Program Universuty of Gitingen: Gitingen, Germany, 1994.
Halasyamani, P. S.; O’Hare, Dnorg. Chem.2006 45, 10270. (e) (13) Sheldrick, G. MSHELXL-97 Program for Crystal Structure Solution
Locock, A. J.; Burns, P. CJ. Solid State Chen2004 17, 2675. and RefinementJniversity of Gdtingen: Gdtingen, Germany, 1997.
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Table 1. Crystal Data and Structure Refinement Parameters for
[CoN2H10][U 2V Fg(HPOs)2], 1, [CaN2H12][U 2V Fe(HPO3)2], 2, and
[CaN2H12|[(UV'Oy)2F2(HPG3)2), 3

compound 1 2 3

empirical ClH6N103F3P1U1 C2H7N103F3P1U1 C2H7N105F1P1U1

formula

cryst syst triclinic monoclinic triclinic

space group Pj1 P2,/c P(D)

E:ryst)size 0.20x 0.10x 0.08 0.16x 0.10x 0.08 0.18x 0.10x 0.08
mm

a(h) 6.1929(18) 7.338(2) 6.725(2)

b (A) 7.225(2) 10.669(3) 6.901(2)

c(h) 7.999(2) 9.383(3) 9.272(3)

o (deg) 92.453(4) 90.00 103.186(4)

S (deg) 102.094(4) 102.581(4) 111.028(4)

y (deg) 108.916(4) 90.00 97.386(4)

V (A3) 328.68(17) 716.9(3) 380.4

z 2 4 2

p(gcnr3) 4.103 3.883 3.606

w (mm1) 24.946 22.881 21.540

2 (R 0.71073 0.71073 0.71073

O range (deg) 3.0627.03 2.93-26.37 2.46-25.35
reflns collected 3026 4802 3504
unique refins 1281 1309 1341

GOF 1.084 1.031 1.083

R index R1=0.0318, R1=0.0376, R1=0.0349,
[1> 20(1)] wR2=0.0821 wR2=0.0983 wR2=0.0976
R, all data R1=0.0322, R1=0.0407, R1=0.0356,

wR2=0.0824 wR2=0.1013 wR2=0.0981

aR1 = Y ||Fo| — IFell/3IFol; WR2 = { J[W(Fo? — FA)I/ 3 [W(Fo?)?Z} Y2
w = 1/[p%(Fo)? + (@aP)? + bP]. P = [max (Fo, O) + 2(Fc)3/3, wherea =
0.0433 andb = 2.4483 forl, a = 0.0704 anch = 4.8040 for2, anda =
0.0523 andb = 6.2015 for3.

atoms were placed in geometrically ideal positions and refined using
the riding mode. The last cycles of refinements included atomic
positions, anisotropic thermal parameters for all of the non-hydrogen
atoms, and isotropic thermal parameters for all of the hydrogen
atoms. Full-matrix least-squares structure refinement aggifist
was carried out using the/INGX“4 package of programs. CCDC
Nos. 645796-645791 for compounds 2, and 645789 foB contain

the crystallographic information for this article. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Center (CCDC) via www.ccdc.cam.ac.uk/data_request/cif.

Results

[CoN2H10)[U 2V Fs(HPOg);], 1. The asymmetric unit of
[CaN2H1][U2VFs(HPGs)z], 1, contains 10 non-hydrogen
atoms, of which one uranium and one phosphorus atom are
crystallographically independent (Supporting Information).
The uranium atom is bonded to three oxygen and five
fluorine atoms, forming a distorted dodecahedral geometry
(part a of Figure 1). Of the five fluorine atoms, four bridge
the uranium centers, and the remaining one is terminal. The
U—F bond distances are in the range of 2.182@&%21(5)

A (average 2.330 A), the shorter distances corresponding to
the terminal U-F bond. The U-O bond distances are in
the range of 2.182(5)2.324(7) A (average 2.300 A). The
O/F—U—O/F bond angles are in the range of 65.2(245.1-

(2)°. The phosphorus atom has three®—U bonds. The
P—O bond distances are in the range 1.514@527(7) A
(average 1.518 A). The bond valence sum calculations
indicate the valence state of uranium to-bé (5> s(U— O/F)

= 3.96)° Selected bond distances are given in Table 2.

The structure ofl consists of a network of U{s and
HPG; units. The UQFs units are connected edge-wise

(14) Farrugia, J. LJ. Appl. Crystallogr.1999 32, 837-838.

Figure 1. (a) Coordination geometry aroundions in [GN2H10][U 2V Fs-
(HPQ)z], 1. (b) SBU-4 unit in1. (C) SBU-4 unit in (NH)O.SI(H3O)O.OT
[GaPQ(OH)o 5F0.5.1%4 Note the close similarity between the two SBUS.
(d) Ball—stick view of the layer, showing the infinite-tFF—U bond (text).
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Table 2. Selected Bond Lengths in j8zH10][U 2V Fs(HPOs)2), 1, and
[CaN2H12[U 2V Fg(HPOy),], 22

bond distance (A) bond distance (A)
Compoundl
U(1)-0(1) 2.279(6) U(13F(3)#1 2.369(5)
U(1)-0(2) 2.298(7) U(1}F(2)#2 2.421(5)
U(1)-0(3) 2.324(7) P(LrO(1)#3 1.511(7)
U(1)—F(1) 2.182(5) P(1r0(2) 1.527(7)
U(1)—F(2) 2.314(5) P(1YO(3)#1 1.517(7)
U(L)—F(3) 2.367(5)
Compound2
U(1)-0(1) 2.266(6) U(L¥F(3)#1 2.422(5)
U(1)-0(2) 2.359(5) U(LYF(2)#2 2.451(5)
U(1)-0(3) 2.335(5) P(EO(1)#3 1.541(6)
U(1)—-F(1) 2.178(4) P(EO(2)#1 1.529(6)
U(L)—F(2) 2.285(4) P(1rO(3) 1.521(6)
U(1)—F(3) 2.340(4)

a Symmetry transformations used to generate equivalent atomsl: For
#1—x+1,-y+2,—z+1;#2—x+1,-y+1,-z+ 1, #3—x+2,-y
+2,—z+ 1 For2 #1—x+1,-y+2,—z+ 2;#2—x+2,-y+ 2,
—Zz4+ 2, #3—x+ 1,y — Yy, =2+ 3>

through the fluorine atoms forming the dimerQ@4Fs, which
are capped on either side by HP@its, forming the basic
secondary building unit (part b of Figure 1), which closely
resembles one of the secondary building units, SBU-4,
proposed by Ferey (part ¢ of Figure #)The SBU-4 units
have been first observed in the gallium phosphate,.jbyz
(H30)0.01GaPQ(OH)o sFo .24 Though the SBU-4 units
identified in the present compound differ from those observe

in the gallium phosphate, similar edge-shared SBU-4 units

have been observed in many other compoufidehe SBU-4
units are connected to form the layered structure with infinite
1D U—F-U chains. The entire structure can be explained

on the basis of SBU-4 units, where in one direction they are

connected through fluorine bridges {B—U) and in the
other direction through BO—P linkages (part d of Figure

1). The ethylenediamine molecules occupy the interlayer

spaces and interact with the framework throughHh--F
hydrogen bond interactions, [NEAH(3)--F(1) (N-F =
2.832 A, N(1)-H(3)-**F(1) = 152].
[C4aNoH 12][U 2V Fs(HPO3),], 2. The asymmetric unit of
[CaNoH19[UVF(HPGs),], 2, contains 11 non-hydrogen

Mandal et al.

has three PO—U bonds. The PO distances are in the range
1.521(6)-1.541(6) A (average 1.530 A.) The bond valence
sum calculations indicate the valence state of uranium to be
+4 (3 s(U-O/F)= 3.87)%> Selected bond distances are given
in Table 2.

The basic polyhedral units, UBs and HPQ, in 2, are
similar to those observed i in addition to having the same
secondary building unit, SBU-4 (part b of Figure 2). The
SBU-4 units are connected through the fluorine bridges,
forming an infinite 1D U-F—U chain structure (part a of
Figure 2). Depending on the connectivity and arrangement
of the atoms, two types of chains can be considered, which
are interconnected through the oxygen atoms, forming the
3D structure (part b of Figure 2). This connectivity creates
8-membered 1D channels along theaxis, wherein the
protonated piperazine molecules reside. The piperazine
cations participate in hydrogen bond interactions of the type
N—H---F and N-H---O, [N(1)—H(1)---F(1) (N-F = 2.668
A, N(1)—H(1)-+-F(1) = 158); N(1)—H(2)---0(2) (N-0 =
2.856 A, N(1)-H(2)---0O(2) = 152)].

[C4N2H 12][(UV'O,),F2(HPO3),], 3. During the course of
this study, we have also isolated a 2D compoung\Np&]-
[(UV'O,),F(HPGs),], 3, using 1-(2-aminoethyl) piperazine
(AEPIP). The structure is formed by the networking of 460
and HPQ units. The fluorine atoms bridge the uranium

g centers, forming a simple dimer, [(UDs].F, which are

connected through the corners by the HRA@Its, forming

the layered structure with 4- and 6-membered apertures
(Figure 3). The protonated piperazine occupies the interlayer
spaces. The AEPIP, which was used in the starting mixture,
decomposed during the synthesis and gave rise to piperazine,
and such behavior has been observed in many hydrothermal
synthese$’ The bond valence sum calculations indicate the
valence state of uranium to be6 (3 s(U-O/F) = 6.18)!°

The layer topology resembles the naturally occurring mineral
johannite, [Cu][(UQ)x(SOQy)2(OH),]-8H,0.18

Discussion

The uranium phosphites—3 are members of a family of

atoms, of which one uranium and one phosphorus atom areactinide inorganic framework compounds. The compounds,
crystallographically independent (Supporting Information). describe in this work, have been prepared under hydrothermal
Similar to 1, the uranium atom is bonded to three oxygen conditions by employing organic amines. Inand 2, we
and five fluorine atoms, adopting the distorted dodecahedral observed the formation of compounds with U(IV), though
geometry (part a of Figure 2). The-tF bond distances are  the source of uranium (uranium acetate, U(VI)) was identical
in the range of 2.178(4)2.451(5) A (average 2.335 A), the in all of the cases. Such reduction of the central metal ions
shorter distance corresponding to the terminalFUbond. has also been observ&f' The unpredictable nature of the
The U-0 bond distances are in the range of 2.266@BB59- kinetically controlled solvent-mediated hydrothermal reac-
(5) A (average 2.32 A). The OfFU—O/F bond angles are tions is well illustrated by the formation of different phases
in the range of 65.03(18)144.74(19). The phosphorus atom  of varying dimensionality and oxidation states of uranium.
Although all of the structures have bonding between the
uranium center and the phosphite groups, they exhibit distinct
differences. Whereasand3 are 2D,2 has 3D connectivity.
1 and 3 appear to be the first members of 2D uranium
phosphites. A careful examination of the structure% ahd

(15) (a) Burns, P. C.; Ewing, R. C.; Hawthorne, F.Gan. Mineral.1997,
35, 1551. (b) Brese, N. E.; O’'Keeffe, MActa Crystallogr., Sect. B
1991 47, 192. (c) Broen, I. D.; Altermatt, DActa Crystallogr., Sect.
B 1985 41, 244.

(16) (a) Ferey, GChem. Mater.2001, 13, 3084. (b) Ferey, GJ. Solid
State Chem200Q 152 37. (c) Ferey, GJ. Fluorine Chem1995 72,
187. (d) Ferey, G.; Loiseau, T.; Lacorre, P.; Taulelle] FSolid State
Chem.1993 105, 179. (e) Ferey, GC. R. Acad. Sci. Paris, Ser. llc
1998 1, 1. (f) Cavellec, M. R.; Riou, D.; Ferey, Gorg. Chem. Acta
1999 291, 317.

(17) (a) Natarajan, Sl. Mater. Chem1998 8, 2757. (b) Loiseau, T.; Ferey,
G. J. Fluorine Chem2007, 128 413, and the references therein.
(18) Mereite, K.Tschermaks Mineral. Petrogr. Mit1982 30, 49.
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Figure 2. (a) 1D chains formed by the edge-shared connectivity between the SBU-4 units through the fluorine briddésténthat identical chains are
observed in the structure af (b) The polyhedral view of the structure &fin the bc plane showing the 1D channels with the piperazine molecule.

The structure of can be compared and contrasted with
the previously reported 3D uranium phosphitesNigH; 5]-
[(UO2)2(HPOs)z(H2POs)7). 82 In [C4N2H 1] [(UO 2)2(HP Os)2(Ho-
P0;),], the uranium is in at+6 oxidation state, and the
structure is formed by the connectivity betweenAJBPO;,
and HPGO; units, giving rise to 12- and 8-membered
channels. Ir2, the uranium is in a4 oxidation state, and
the structure is formed by UHs and HPQ units, giving
rise to 8-membered channels.

Spectroscopic StudiesUV —vis absorption spectra were
recorded in the solid state (Perkin-Elmer, lambda 35) at room
temperature, which indicates the presence of U(I\V) and
2 (part a of Figure 4). Bothl and 2 exhibit comparable
absorption bands. The observed bands and their assignments
are3H; — °Hg (825 nm),3H; — 1G4 (660 nm),*H, — D>

_ _ _ _ _ (624 nm),*H, — 3P, (540 nm),*Hy — 3P; (498 nm),*H, —
Figure 3. Polyhedral view of the uranium phosphite layer in/f{GH12]- 3 (438 nm).
[(UV'O2)sFo(HPOy)], 3. 6

The photoluminescence spectra of all of the compounds

2 also reveals close relationships. In addition to having the were recorded at room temperature in the solid statnd
same formula, and being formed by the same building unit, 2 show a strong emission band-a866 nm, along with three
SBU-4, the connectivity involving the SBU-4 units creates weak bands at 402, 412, and 422 nm, when excited using a
the observed differences. In both the compounds, the SBU-4wavelength of 498 nm. The strong emission band corre-
units are connected through the fluorine bridges, forming sponds to thélg — 3H, transition, and the three weak bands
the 1D chains. To the best of our knowled@end?2 appear correspond to théP, — 3H, transitions (part b of Figure 4).
to be the first examples of uranium phosphites formed The observation of emission bands at a lower wavelength
exclusively by the SBU-4 unit. The formation of a 3D compared to the excitation wavelength indicates a possible
structure by SBU-4 units is noteworthy. upconversion process in both of the compounds. Upconver-
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Table 3. Data for Power Dependence Fluorescence Experiment

emission intensityl¢m)

no. of transmission
slides intensity (ex) Compoundl Compound?
0 100 487.78 285.47
= 1 91.125 336.32 194.51
5 2 83.362 304.47 175.01
3 76.946 253.7 148.21
é 4 71.872 208.5 123.93
< 5 66.151 174.04 107.45
2 6 60.34 146.56 84.95
=
=
2
<

can be used for generating optical gain and upconversion
emissior?! Tetravalent actinide ions generally possess a
larger crystal field splitting and spirorbit coupling constant
than those of the trivalent lanthanide ions, which could reduce
the energy gap between the excited electronic states. This
would lead to the observation of less fluroscence in actinide
compoundg? Upconversion studies involving actinides have
been carried out on doped compouitg!dand to the best

of our knowledge, there have been no reports of such
. @

investigations on open framework compounds containifig U
Wavelength (nm) Ions.

I
400

The present studies indicate thatliand2 the absorption
process could be multiphotonic in nature. To understand the
v_ =498 nm f\ oy em?ss@on Pprocess ant_d to correl_atg the dependency of the
| s 4 emission intensities with the excitation photon intensity, we
have employed a simple relationship. According to this, if

numbers of photons are absorbed, then the emission can be
related as,

lem D (Ie)"
—a-@

or,
—®

Intensity (a.u.)

Iem= A(Iex)n

E
i
i
i
i
i
i
i
1
A
A
A
i
i
Iy
i
A
L
A
A
i
A or,
A
A
i

logl,,= Al + nlogl,,

The value ofn can be obtained from the ledog plot of lem
versus ley, Where lgm is the emission intensity of any
(b) fluorescence peaklex is the intensity of the excitation

: . wavelength, and is the order of the emission process, that
400 450 is, the number of photons responsible for the emission. To
Wavelength (nm) perform these power dependence studies, we employed sterile
() Room-temperature Uwis spectra of [GNoHigl[U5" Fe- gla;s slides sequentially, yvh.|ch vqn_ed the intensity of _the
(HPOy)2], 1, and [CGN2H12][U 2V Fs(HPOs)2], 2. (b) The room-temperature  incident beam. The transmission efficiency of the glass slides
photoluminescence spectra bfand2 (498 nm excitation). Note that the as a function of their number was preca"brated using the
emission occurs at lower wavelengths through an upconversion process
(text).

UV —vis spectrometer in the transmission mode and normal-
ized with respect to a transmission obtained in the absence
sion, generally observed in rare earth idh#volves two-

of any glass slides. The normalized transmission intensities
photon absorptions, and the emission is generally an anti-(le as a function of the numbers of glass slides along with

stokes oné® This may be useful for solid-state displays and the corresponding fluorescence intensitieg)(for the 366

detection of IR radiation in the visible region. It was proposed "M peak is listed in Table 3 and shown in parts a and b of
that the 5f electronic states of actinide ions in host crystals

T T
300 350

Figure 4.

(21) (a) Johnston, D.; Satten, R. A.; Wong, E.JY Chem. Physl965 44,
687. (b) Krupa, J. C.; Carnall, W. T. Chem. Physl993 99, 8577.
(19) (a) Auzel, F.Proc. IEEE1973 61, 758. (b) Auzel, FChem. Re. (c) Hubert, S.; Thouvenot, B. Alloys Compd1992 180, 193. (d)
2004 104, 139. Xu, W.; Dai, S.; Toth, L. M.; Peterson, J. Rhem. Phys1995 193
(20) Blasse, G.; Grabmaier, B. G.uminescent Materiajs Springer- 339.
Verlag: New York, 1994.

(22) Beitz, J. V.; Brundage, R. T. Alloys Compd1992 181, 49.
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Figure 5. (a) Observed emission dependence on the excitation intensity-bbifGo][U 2" Fe(HPOs)2], 1, (b) the observed emission dependence on the
excitation intensity of [GN2H12][U2"VFs(HPOs)2], 2. (c) The log-log plot of the excitation intensity dependence of the luminescence intensity=fof98
nm.

Figure 5. The log-log plot of the emission intensities as a that the upconversion behavior inand 2 is preceded by
function of the incident light intensities is shown in part ¢ the successive absorption of two photons.

of Figure 5, which as expected was found to be linear, with  The two-photon absorption, observedlirand?2, can be
slopes of 2.3 and 2.2 fdrand?2, respectively. This indicates  rationalized by considering the schematic energy-level
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Scheme 1. Schematic of the Free-lon Energy Level Diagram for 0.018
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aVarious possible excitation and emission pathways are indicated.
diagram for the @' ion (Scheme 1). As can be noted, 3.0
2

absorption of the first photon excites thé*Usystem from

the ground statefid,) to the excitedP; state. The Y+ system
can, then, nonradiatively decay to tffe state and absorb
another 498 nm photon (if the lifetime of ti¥€, state is
long)°? and reach théP, and!l¢ levels. Then, the upcon-
verted emission in the observed region can result through
the 3P, — 3H,4 (366 nm) andtg — 3H, (402, 412, and 422
nm) transitions.

Magnetic Studies. 1land2 have uranium in a4 oxidation
state and possess two unpaired electrons. We have carried
out magnetic susceptibility studies bfand2 on powdered
samples in the temperature range 3@K using a SQUID
magnetometer (MPMS, Quantum Design, USA). The tem-
perature variation of the magnetic susceptibility is shown in
part a of Figure 6. The magnetic susceptibility data follows
the Curie-Weiss behavior in the temperature range-300
K, with C = 1.12 cn¥ K mol~* and9p = —59.82 K for1,
andC = 1.22 cn¥ K mol~* andfp = —64.10 K for2. For
both of the compoundsy.r decreases with decreasing
temperature (part b of Figure 6). The negatiigevalue and
the decrease qi. with temperature indicate the presence
of antiferromagnetic interactions. The effective net magnetic
moment per uranium at 300 K is 2.7% for 1 and 2.85up

2.5

1.5+

1.0+

0.5+

0000000000000
-0

Figure 6.

T ' I N I v 1 v 1

50 100 150 200 250 300

Temperature (K)

(b)

(a) Thermal variation of the magnetic susceptibility foand

for 2, which are in agreement with the values observed in 2 The inset shows the variation of the inverse magnetic susceptibility with

other U"" compounds (2.73.6 ug).%?%%9mThe effective
moment decreases rapidly belows0 K with decreasing

temperature. (b) Theger versusT plot for thel and2.

temperature (part b of Figure 6), suggesting the presence ofthe magnetic moment. The magnetic susceptibility data of
antiferromagnetic interactions. It is likely that the presence exhibits a different behavior compared 1o especially at

of a zero-filed splitting for the 5fion (U*") and a

low temperatures. The susceptibility @f appears to be

nonmagnetic ground state may contribute to the change inleveling off below 15 K to 0.012 emu/U(IV) ion, indicative
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of a possible nonmagnetic ground st2&:°"23In addition, show that the upconversion behavior observed ift U
the 3D nature of the structure @falso contributes to the compounds X and 2) is a two-photon process, and the
complexity of the magnetic interactions between the U  emission is in the blue region. The magnetic studies indicate
ions. The magnetic interactions of thé'ltompoundd and antiferromagnetic behavior ih and 2.

2 appear to be complex and would require detailed theoretical
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