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The new compounds UH2PQO,)»-H20 (1) and UQ(HPO,)2:H3PO; (2) crystallize in the space group®;/n
andP2,2,2;, respectively, each witd = 4. For1, a= 7.686(2) A,b = 9.275(2) A,c = 11.027(2) A,a. = 90°,

B = 92.32(3), y = 90°; for 2, a = 7.1572(4) Ab = 7.2363(6) A,c = 17.554(2) A,a. = B = y = 90°. Each

uranium atom, situated at a general position, has a distorted pentagonal bipyramidal coordination geometry, and
U—O—P—0O—U bridges form differently oriented chains ihand a three-dimensional network structure2in

H3PO, serves as a terminal monodentate ligand2inThe infrared and Raman spectra bfand 2 show (i)
characteristic uranyl modes of vibration; (ii) partially resolved unit cell group modes of hypophosphite anions;
and (iii) bands due to water andsPIO,, respectively. TheC; site symmetry in these compounds makes their
spectral properties useful in evaluating the presence of additional electronic transitions not identified in the analyses
of higher symmetry uranyl compounds. In the region between 20 000 and 29 080 X2relectronic transitions

have been located and assigned. The luminescence from both compounds is weak due to competing nonradiative
processes, and the major differences from that ofA@t centrosymmetric sites arise from the electric dipole
intensity enhancement of the zero-phonon line and the appearance of progressions in the uranyl antisymmetric
stretching mode. Water and hypophosphite modes are identified in the luminescérared@ respectively. The
anharmonicities of uranyl stretching modesliare compared with those in other uranyl systems. The Franck
Condon analysis of the absorption and emission specttasbbw a U-O bond length increase of & 1 pm on
excitation fromcrlz1 to oydy, compared with values ranging from 4 to 9 pm for other uranyl systems.

Introduction phite complexes that we have previously investigatibe, anion
does not coordinate in a bidentate manner to one metal center,
but forms a bridge between two centers via one or two of the
hypophosphite oxygens. The preparation of (anhydrous)} UO
(HoPQOy), is cited in ref 6 from the precipitation of a uranyl

In 1992 we synthesized and characterized the new uranium-
(1V) compound U(HPQ,)4.2 The edges of the dark green plates
obtained were found to corrode to a paler yellow color after a
period of storage in moist air for several years, indicating ) .
oxidation to uranium(VI) as the uranyl ion. We therefore decided solution by the addition of NajPQ,. We are unaware of

- : . . _previous studies of adducts with hypophosphorous acid, but the
:ﬁ es %rggressgzgfatﬂtijscvr\;g:aklcvtve;;(:eupr:pgclj ri]t};p%pohnojﬁ;ét;{tgnsngu{'_nlgf:)rystaI structure of the adduct of urea with phosphoric acid has

adduct with hypophosphorous acid. Although the crystal systemsbeen reporte7d and is of Interest because of short, almost
of these two compounds are monoclinic and orthorhombic, symmetrical hydrogen bonds linking these two molecules.
respectively, the uranyl ion is situated at a general position in
both. Since the electronic structure of the uranyl ion has been
rationalized from SpeCtra| measurements USIng hlgh-Symmetl’y Synthesis of CompoundS.Urany| hypophosphne monohydrate’
compounds,the comparison with high-resolution spectral data UO,(HPO,)»*H.O (1), was prepared by dissohdns g (0.01 mol) of
from low-symmetry systems is of interest. Electronic transitions UO,(NOs).:6H,0 (Reidel-de-Hae, Reag. ACS) in 30 cfrof double-
of the uranyl ion which are silent in environments of high distilled deionized (3D) water in a 100 érbeaker. Between 5 and 20
symmetry may acquire electric dipole intensity via the odd- ¢ of 50% HPO, (Reidel-de-Héae, RG) was added to the solution
parity crystal field operators and become prominent wheg2JO with vigorous stirring. Heat was evolved on mixing, with the formatlo_n
is situated at a low-symmetry site. The present systems thereforffe;‘t%g”g:’]" 9 Csr:ﬁ‘r’i"r'];g'%‘:;":(')kl% i&’:jﬁ(‘)ﬁ:"ﬂgCvii’ﬁcaag;zszarfﬂn‘;‘gtg
provide the qpportunlty to investigate whether some EXCIt.ed yellow powder, washed with water, then dissolved in 37% HCI (Reidel-
states are missing from' the energy level Scheme Of_ Denn'ng'de-Ha"aa), and left for crystals to form, which were subsequently washed
The free hypophosphite (phosphinate, or dihydrodioxophos-
phate(l)) anion is best represented by the dipolar structure

Experimental Section

(4) Streitweiser, A.; Rajca, A.; McDowell, R. S.; Glaser, RAm. Chem.

HoPt—(O™), with Cp, symmetry? In the solid-state hypophos- Soc.1987 109, 4184.
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Table 1. Crystallographic Data for UgH,PO,),-H.O and Table 2. Selected Bond Lengths (A) and Angles (deg) for
UO(H:P0y)2-HsPO, UO,(HaPOy)2-H20 and UQ(H:PGy),-HaP O,
1 2 UO,(H2PO,)2:H-0 (1)

molecular formula  UGHPO):HO  UO{HPO)HPO, 38;:88)2) %;2((?) B((ggg)l) égg(é))
space group P2/n(No.14)  P2:2:2: (No. 19) 8&;:88‘2’\8) 22523;((11)) gggg((llll)a) 125311((11))
ggﬁ; g-g?g% ;%gggggg P(1)-0(12) 1.52(1) P(2}0(21) 1.51(2)
c(A) 11.027(2) 17.554(2) P(2)-0(22) 1.48(2)
a (deg) 90 90 0(1)-U(1)—-0(2) 180.0(8) O(1}U(1)—0(12) 87.5(5)
B (deg) 92.32(3) 90 0O(1)-U(1)-0(21) 90.6(6) O(1)}U(1)—0(22b) 92.5(6)
4 (dgg) 90 90 0O(1)-U(1)—0o(w) 88.1(5) O(1}U(1)—0O(11a) 92.6(5)
Vv (A?) 785.4(6) 901.0(5) 0(21-U(1)-0(22b)  76.7(5) 0O(22bYU(1)—O(1W) 69.4(5)
z 4 4 O(1W)-U(1)-O(11la) 68.0(4) O(11la)u(1)-0(12)  73.8(4)
calcd dens (g crr?) 3.535 3.435 0(12-U(1)-0(21)  72.5(5) P(1XO(12)-U(1) 132.8(8)
Mo Ka radiation,l (A) 0.710 73 0.710 73 P(la)-O(1la)}-U(1) 141.9(8) P(2}O(21)-U(1) 139.1(9)
;ES coeff (cm?) (2)10058 (1)8033;2 P(2b)-0O(22b)-U(1) 155.9(10) O(1BP(1)}-0O(12)  114.8(8)

2 . - 0(21)-P(2)-0(22)  115.0(9)
R 0.065 0.042

UO(H:POYHaP O, (2
2Re = SIFol — IFll/SIFol. ®Ry = [SW(Fol — IFSIFo%S U(L)-0(1) A S 1.78(1)
U(1)-0(3) 2.44(1) U(13-0(5) 2.36(1)

and air-dried. Uranium and phosphorus were analyzed by Perkin-Elmer  U(1)—0(6a) 2.42(1) U(1y0O(7) 2.35(1)
1000 ICP-AES; hydrogen by Leco CHN-900 analyzer; an® Hby U((l;_—O((S)b) 2.35((1)) PS;}OES; 1.46213
loss in mass at 10%C. P(1)-0(4 1.51(1 P(2r0O(5 1.47(1

Percent by mass found (calcd) for iPHs: U 56.67-+ 0.48 (56.94); P(2)-0(6) 1.52(1) P(3)0(7) 1.49(1)
P 14.49+ 0.14 (14.82); H 1.394 0.013 (1.447); HO 4.6 0.2 (4.3). P(3)-0(8) 1.50(1)
Thle comﬁou?d |st mjgggale in water and decomposes to a gray-green 0O(1)-U(1)-0(2) 178.6(5) O(1FU(1)-O(3) 90.7(5)
color on heating to : O(1)-U(1)-0(5 89.2(4) O(1)}U(1)-0O(6 92.1(4

Uranyl hypophosphitehypophosphorous acid adduct, WO Oglg—uglg—O%g 87.8%43 O%liUEl%—O%SE% 91.8((4))
(HoPOy)2rH3sPO; (2), was prepared by dissohgrb g (0.01 mol) of UG- O(3)-U(1)—0(5) 71.2(4) O(5rU(1)—0O(6a) 71.1(4)
(NO3)2-6H,0 in 10 cn? of 3D water, to which a solution of NaRQ,* O(6ay-U(1)—0(7) 72.0(4) O(7¥U(1)—0O(8b) 74.1(4)

H,O (1.761 g, 0.02 mol) was added. On mixing, a yellow chewing- O(8b)-U(1)-O(3)  71.9(4) P(1)}O(3)-U(1) 148.0(8)
gum-like substance appeared, which became hard on heating and P(2)-O(5)~U(1) 163.7(7)  P(3yO(7)-U(1) 143.6(6)
stirring. It was broken up into a powder, filtered, washed with water, P(28)-O(6a)-U(1)  127.6(6) P(3byO(8b)-U(1)  135.6(7)

then dissolved in 50% #P0O;, and left in a refrigerator at 4C for O3)-P(1)-0(4) 113.5(8)  O(5rP(2)-O(6) 116.8(6)
crystals to form. Energy-dispersive X-ray analysis showed the presence O(7)-P(3)-0(8) 116.2(6)

of P and U (in the mole ratio 1.9 0.4 respectively), but no other  spectrometer. The sample was housed in an Oxford Instruments closed-

elements heavier than O. cycle cooler cryostat, with a base temperature of 10 K. A Biorad FTS-
Percent by mass found (calcd) for kRH7: U 50.82+ 0.93 (51.08); 60A spectrometer with a Hamamatsu R446 photomultiplier detector

P 19.86+ 0.25 (19.94); H 1.421 0.007 (1.514). The compound is  was used to record electronic absorption spectra with Nujol mulls or

insoluble in water. pressed disks. The instruments were calibrated in vacuum wavenumbers
X-ray Data Collection. Crystallographic data for compountisnd using lines from Ne, Hg, and Cd lamps.

2 are summarized in Table 1. Intensities were collected in the variable

w-scan mode on a Rigaku AFC?7 diffractometer using Morddiation Results and Discussion

2 =0.710 73 A) from a Rigaku rotating-anode generator operated at i
éo KV and 90 m)A. Empiric%l absorptio% correct?on basedyepacan Descrlpt|on_ of Crystal Structures. In the cryste_ll structure
data was applied. of 1, t_he uranium atom has_, the expected 7-_coord|nate, pentago-
Direct methods yielded the positions of all non-hydrogen atoms. The Nal bipyramidal coordination geometry (Figure 1) that com-
H atoms of the hypophosphite ions were generated in their idealized monly occurs in uranyl salts. The uranyl group is exactly linear
positions with P-H bond distances fixed at 1.43 A and allowed to with an average BO bond distance of 1.79(1) A, and the
ride on their parent P atoms. The H atoms of the aqua ligaricaind equatorial coordination sites are occupied by oxygen atoms of
the hydroxy H atom of the hypophosphorous acid molecuwere four neighboring hypophosphite ions and an aqua ligand in a
located in chemically reasonable positions. In each structure the U, P'nearly planar configuration (sum of five equatoriat-O—0
and O atoms were subjected to full-matrix least-squares anisotropic bond angles= 360.40). The U-O (hypophosphite) bond
refinement, and the H atoms were assigned appropriate isotropicdistances lie in the range 2.22.36(1) A, and average to 2.33-

temperature factors and included in structure factor calculations. L
All calculations were performed on a PC 486 computer with the 1) A, which is significantly shorter than the+0O(aqua) bond

SHELXTL-PLUS program packageAnalytic expressions of atomic  distance of 2.53(1) A ) o
scattering factors were employed, and anomalous dispersion correc- AS shown in Figure 1, both independent hypophosphite ions
tions were incorporated. The finRlindices (refined onF|) are given take turns in serving as bridging ligands between pairs of
in Table 1. The final atomic coordinates and thermal parameters are uranium atoms along a polymeric chain, which comprises an
listed in Table 2. Selected bond lengths and bond angles are given inalternate arrangement of corner-sharing, centrosymmetric, dou-
Table 3. bly bridged eight-membered rings with uranium atoms at the
Spectroscopic Measurementsnfrared spectra were recorded from  ring junctions. Parallel chains in the J@] direction lie near
fluorolube and Nujol mullls at a resqlution of 2 ctusing Bomem the planez = 0. Then-glide operation generates an equivalent
MB-120 (4000-400 cn) and Perkin-Elmer PE-1650 (40650 planar array of chains directed along [110]zat %5, and the

cm 1) spectrometers. Raman and emission spectra were recorded al tal struct is built of alt te | £ diff " iented
this same resolution using argon ion laser lines and a Spex 1403-DM crysta s.ruc ur_e IS ul ofalternate layers or dirferently oriente
polymeric chains (Figure 2).

(8) Sheldrick, G. M. InComputational CrystallographySayre D., Ed.; The Coordir_1ation geometry about _the uranium atom in
Oxford University Press: New York, 1982; pp 56614. compound? (Figure 3) is similar to that id. The uranyl group
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Table 3. Atomic Coordinates % 10° for U; x10* for Other Atoms)
and Equivalent Isotropic Temperature Factqi? x 10* for U;

x 10® for Other Atoms) for UQ(H.PO,)2°H,0 (1) and
UO,(H2PO,)2:H3PO; (2)

atom X y z WUy Uiso
Compoundl
uranyl group
u(1) 28142(9) 23447(6) 55674(6) 198(2)
0o(1) 1566(18)  3210(14) 6693(11) 31(4)
0(2) 4061(18)  1484(15) 4445(12) 34(4)
hypophosphite ions
P(1) —1511(6) 1437(4) 4517(4) 22(1)
H(1A) —1843 1426 5784 60
H(1B) —2856 2271 3919 60
0(11) —1605(18)  —87(14) 4039(12) 32(4)
0(12) 221(19)  2196(13) 4350(12) 29(4)
P(2) 3683(9) 5149(6) 3415(5) 43(2)
H(2A) 2476 5630 2480 60
H(2B) 4844 4151 2879 60
0(21) 2653(19) 4406(16) 4362(14) 41(5)
0(22) 4710(22)  6413(15) 3857(15)  46(5)
aqua ligand
o(1W) 4468(19)  1042(13) 7270(13)  32(4)
H(1WA) 4167 194 7586 60
H(1WB) 4716 1601 7922 60
Compound?
uranyl group
u(1) 19698(6) 2145(6) 37756(3)  239(1)
O(1) 2879(16) —1694(14) 3259(6) 39(3)
0(2) 1041(15) 2086(13) 4310(6) 33(3)
hypophosphorous acid molecule
P(1) 6327(5) 3097(5) 3731(2) 33(1)
H(1A) 7771 3003 3169 80
H(1B) 7026 2261 4412 80
0O(3) 4718(16)  2050(17) 3462(7) 55(4)
O(4) 5898(23) 5104(15) 3889(6) 68(5)
H(4) 5838 5663 4351 80
hypophosphite ions
P(2) 5580(5) —1131(5) 5255(2) 31(1)
H(2A) 5087 —549 6007 80
H(2B) 7405 —421 5098 80
o(5) 4267(16) —276(15) 4718(6) 48(3)
O(6) 5695(17) —3226(13) 5249(6) 36(3)
P(3) —2106(6) —1446(5) 2728(2) 32(1)
H(3A) —2242 —20 2166 80
H(3B) —3960 —1846 2983 80
o(7) —1019(13) —718(14) 3386(5) 34(3)
0O(8) —1344(17) —3149(16) 2352(6) 47(4)

aFor U, P, and O atomdJeqis defined as one-third of the trace of
the orthogonalized) tensor. For H atoms the exponent takes the form
—812Ujso SiN? 6/12.

0(22a)

Y
Plla)  Ollla)

Figure 1. Coordination environment of the uranium atom in JO
(H2PQ,)2HO (1) and the atom-numbering scheme. The thermal

Tanner and Mak

Figure 2. Stereoview of the crystal structure df showing two
successive layers of parallel polymeric chains stacked normal to the
axis. Note the crisscross relationship between the chains lying in
different layers.

H(la)

A PN 0(3)

o4
Hi4) Hilb!

H(2b)

Figure 3. Coordination environment of the uranium atom in O
(H2POy)2H3PO; (2) and the atom-numbering scheme. The thermal
ellipsoids are drawn at the 50% probability level. Symmetry codes: a
Y2+ %Y=y, 1-2;b(—x Y2ty Y — 2.

Figure 4. Stereoview of the crystal structure ®fshowing the three-
dimensional coordination network constructed from the bridging
hypophosphite ions. The origin of the unit cell lies at the lower left
corner, witha pointing toward the readeh from left to right, andc
upward.

are virtually coplanar (sum of ©U—0 bond angles= 360.30),
and the U-O bond lengths lie in the range 2:33.44(1) A.
Although the neutral hypophosphorous acid molecule cannot
be clearly distinguished from the two independent hypophos-
phite ions on the basis of measuree-® bond lengths, its
identity can be ascertained by the fact that it functions only as
a unidentate terminal ligand, whereas the hypophosphite ions
serve as bridging ligands. However, unlike the caselfdhe
hypophosphites ir2 eachsingly bridge a pair of neighboring
uranium ions, resulting in a three-dimensional coordination
network structure as illustrated in Figure 4.
Although in both1 and2 the uranium atom is situated in a

ellipsoids are drawn at the 50% probability level. Symmetry codes: a pentagonal bipyramidal arrangement as in(i@mPCH,CI) and

(% -vy,1-2;b(1l—-—x1-y,1-2.

is nearly linear with G-U—0O = 178.6(5) and an average O
bond length of 1.78(1) A. The equatorial oxygen ligand atoms

UO,(HOCH,PG;)-5H,0,° the latter structures differ in that

(9) Poojary, D. M.; Grohol, D.; Clearfield, Al. Phys. Chem. Solids995
56, 1383.
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UO,(0O3PCH,CI) has two-dimensional layers and LE@OCH,-

Inorganic Chemistry, Vol. 38, No. 26, 1998027

Table 4. Vibrational Spectra of UgiH,PQ,),-H,0 and

P0;)-5H,0 has hydrogen-bonded chains of isolated uranyl UOx(H:PQy)z-HsPO,

polyhedra.

Infrared and Raman Spectra. The spectra ofl comprise

wavenumber (crmt)
UO(H2PGy)2rHO  UOy(HaPO)2eH3PO;

characteristic vibrations of water, the uranyl ion, and the

hypophosphite ion. The vibrational couplings between the water 'R Ramafd  IR®  Rama assignmerit
molecules in the unit cell are weak and do not produce 3514m vadH20)
resolvable infrared band splittings. The isolatedPB,~ ion has 318§x 1%(?!—7?0))
nine modes of vibration, all of which are nondegenerate: 2448w  2459s 2480w 2482m vy PHh)
2414m 2424s 2457m 2462s
T(vib: Cy,) € {1 vo i) vs(Q)ivevo(B)var())  2400m  2406m  2420ms  2426m
1) 2391s  2391s  2394ms 23965  veva{PH)
2346w 2319p(PH;
The normal vibrations have been previously firmly assigned 1736vw VS(OUO()-I—v)aS(OUO)
from polarized infrared and Raman spectra of the anion and its 1619m 0(H20)
deutero analogue (refs 10,11 and references therein). The mor 18?& vava{PQ)
recent reassignmentsare in error and have been discussed 1178w 1196mw  1184,(P=0)
elsewheré? In the solid state, unit cell group (factor group) 1168sh  1152m 1163sh  1159sh
vibrational couplings occur betweenP,~ ions, which give 1145s 1142m  1148s 1148ms v20scissokPH)
rise to multiple spectral structure for each parent ion normal 1140sh  1140m
mode of vibration. In favorable cases, such as in LiREb)3,5 (111123235h) 1128m  1134s 11 28ciosolPH:)
o . ; S 1104m  1119ms  1124sh vedwagPH:)
the individual unit cell group modes may be resolved in the 1114m 11165
vibrational spectra. Fot, with two sets of four HPO,™ ions, 1082m 1081sh 1092sh 1096mw
each occupyin@; sites in the Bravais cell, each hypophosphite 1073s 1074ms 1086m  1082m vavs(POy)
mode should give rise to four IR-activedg+28.,(Czr)] and 1066sh ~ 1062m  1073ms 10%2%6”13 1085PH2)
four (noncoincident) Raman-active dg+254(Czn)] unit cell 1039m  1038m  1032ms  1042s
group modes. The hypophosphite modes in the infrared and 1023ms  1032sh
Raman spectra df are assigned in Table 4 by associating the 1008m
parent ion mode with the unit cell group components. In 966ms  964mw  9504(P—O)
congested spectral regions, such as between 1000 and 1300 935w  940s =, Owist(PHy)
cmL, the assignments are not clear-cut. Four components are 19? gigmz gigih ;52‘0“":3(8;'2)
resolved in the higher energy region of the_ infrared spectrum gs3o, 830s 834m 830s v:(OUO)
of 1 between 2391 and 2450 cim(Table 4, Figure 5c¢) for the 814ms 822m 813sh 814m V701 0a{PH)
two P—H stretching modes. In the corresponding region of the 807sh 810m  810ms 802mw
Raman spectrum, Figure 5a, four features are also resolved, and302sh 799m 80rocPH2)
only one of these is coincident with an infrared band. The (5%%%"2 65%"\,‘\’,"\, libr (HO)
situation is more complex i@, with two sets of four HPO,~ 483mw 496w 497m 502MW  va0sciseofPO))
ions each a€; sites in the Bravais cell. In this case each parent 460m 484w  489m 490m
hypophosphite ion mode may give rise to six infrared 481sh 482m
[281+2B2+2B5(D2)] and eight Raman [@+251+282+253(D-)] 419m  416mw  428)scissol O=P—OH)
bands, with some coincidences, but coupling of these modes 336w ggg\‘/’w"" "a(s(bj__c())))
with the appropriate vibrations of the fousPIO, molecules at 285w 278vw gS(OUO)
C; sites in the unit cell will further complicate the vibrational  2gow 266m
spectra. At least five infrared bands (Figure 5d) and five Raman 270s 253vw
bands (Figure 5b) are resolved in the IR stretching region. 240mw
Some unique bands in the spectrum2oflearly indicate the 22210012§ 9r0c{ OUO)
presence of the hypophosphorous acid molecule, and these are (158)

labeled in Table 4 together with the wavenumbers in solid
H3PQy, by the notation of Lovejoy and Wagn¥rywho studied
the infrared spectrum of 0, at —180°C. The phosphorus
oxygen modes of gPO;, differ from those of HPO,~, and the

a2Room temperature’.80 K. ¢ The infrared wavenumbers and mode
description for HPQO, are from ref 14.

P—O stretch and &P—OH scissor deformation are observed
with medium intensity in the infrared spectrumat 966 and
419 cnt?, indicating a slightly stronger PO bond in the
complexed acid i rather than the (hydrogen-bonded) acid
anion. The P-H stretch region in the infrared spectrum of the
free acid HPQ; is poorly resolved? and the weak, broad-6H

(10) Tanner, P. A,; Sze, T.-H.; Mak, T. C. W.; Wang, RPalyhedron

1992 11, 817.

(11) Tanner, P. A.; Liu, Y.-L.; Mak, T. C. WPolyhedron1997, 16, 495.
(12) Bickley, R. I.; Edwards, H. G. M.; Knowles, A.; Tait, K. F.; Gustar,
R. E.; Mihara, D.; Rose, S. $pectrochim. Actd994 50A 1277.

(13) Liu, R.; Moody, P. R.; Vanburen, A. S.; Clark, J. A.; Krauser, J. A;;

Tate, D. R.Vibrational Spectrosc1996 10, 325.

(14) Lovejoy, R. W.; Wagner, E. LJ. Phys. Chem1964 68, 544.

stretch reported at 2700 crhis characteristic of hydrogen-
bonded systems. The-H stretching mode is not prominent

in the infrared spectrum &. At room temperature a very weak
broad feature is observed, centered near 2890%cmith a
further weak band at 3475 crh Without deuteration studies it

is not possible to distinguish the assignments of these bands to
fundamental or combination modes.

The most distinguishing features in the vibrational spectra
of uranyl compounds are the bands due to the symmetric and
antisymmetric G-U—0O stretching modes, labeledv{(OUO)
andv,r,dOUO) hereafter, which are Raman and infrared active,
respectively, for an isolated, centrosymmetric uranyl ion. The
electronic ground-state vibrational energies of these modes
change according to the nature of the ligand and the coordination
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822
828
2390
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2458

Intensity

30 765 1500 2300 2700

Raman shift (cm™1)

(b)

2396
2412
2462

2482

Intensity

30 765 1500 2300 2700
Raman shift {cm-1)

% Transmittance

L) 1
2500 2400 2300
Wavenumber (cm')

% Transmittance

2500 2400 2300
Wavenumber (cm)
Figure 5. 514.5 nm excited 80 K Raman spectra of (a) {MDPQO).
H,0 and (b) UQ(H.P Q). H3PO, between 30 and 1500 crhand 2250
and 2700 cm?; and P-H stretch region of the 300 K infrared absorption
spectrum of (¢) UGH.PQO,)2-H20 and (d) UQ(H:POy)2+HiPO, between
2300 and 2500 cni. Broad features near 80 and 910 ¢nin panel a
are due to uranyl emission.
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cations!>~18 Environments with lower equatorial charge sur-
rounding the uranyl ion produce a shorter-O bond distance
and, hence, a highenv{(OUOQO) stretching frequency. This is
the case with smaller equatorial coordination number (e.g.,
[MesN].UO,F, 801 cntt versus CgJO,Fs 783 cntl), more
polarizing counterions (e.g., WO,Cl, 869 cni! versus
CsUO.Cl, 836 cntl), or more polarizable ligands (e.g.,
[Me4N].UO,Br,4 834 cnt? versus [MaN],UO,Cl, 829 cnTt and
[Me4N].UO-F, 801 cntl). More highly charged equatorial
environments, as for octahedrally coordinated uranium in
uranates, give rise to loweg(OUO) energies, 730 cm in the
case of BaCaUQ;'° because the uranium Sbxygen 2p
bonding interaction is destabilized relative to uranium-6p
oxygen 2p antibonding interactiénThe energy of the most
intense Raman-active symmetric stretching megd®UO) in

1 and2is 830 cn1?, from which the U-O bond distanceR,-o

(in A) in the electronic ground state is estimated by the
regression of Bartlett and Coonéy,

R,_o = 106.5¢,) %+ 0.575 (2)

to be 1.78 A, in good agreement with the X-ray results. Eor
two infrared-active [A+B.(Cz)] and two noncoincident Ra-
man-active [A+Bgy(Can)] unit cell group modes are derived for
each of thev,{OUO) andv{OUO) vibrations, from the unit
cell group analysis, whereas four Raman and three infrared
bands are expected f@ The couplings between symmetric
stretching modes of different uranyl ions in the unit cell are
weak, whereas the long-range dipole coupling is greater for the
1adOUO) mode. Two bands are resolved in the infrared
spectrum near 910 crh for both 1 and 2, but the weaker
component may otherwise arise from the Riist.

Emission Spectra of Uranyl Hypophosphites.The elec-
tronic ground state of th®..,, symmetry uranyl ion islzg,
with the first excited electronic state being the degenélidte
state. Generally, this excited-state energy increases together with
1(OUO), due to a strengthening of bonding interaction, and
is expected to be near 20 000 chwhen the energy of this
vibration is about 830 cnt.

The luminescence fror is weak because coupling of the
I1, excited state to the high energy-Pl and O-H stretching
modes provides a competitive nonradiative relaxation process.
However, the luminescence froinis even weaker because of
nonradiative relaxation via six quanta ofOH,) from H,O in
the first coordination sphere. The 80 K luminescence spectrum
of 1, when excited by 476.5 or 488 nm argon ion laser radiation,
contains a broad intense trap band to slightly lower energy than
the position of the absorption spectrum zero-phonon line. The
emission spectrum differs from that of the uranyl ion at a
centrosymmetric sit€in several respects, although the Franck
Condon maximum intensity is also at= 1. First, the strongest
features correspond to the progressiomiw(OUO) upon the
zero-phonon line, because the electronic transition gains electric
dipole character at th€; uranium site due to static mixing of
6d and 5f orbital states via the crystal field. Second, progressions
in nvor,d OUO) may be followed tan = 3, since this mode is

(15) Flint, C. D.; Tanner, P. AMol. Phys.1981 43, 933.

(16) Flint, C. D.; Tanner, P. Al. Chem. So¢Faraday Trans. 21981, 77,
1865.

(17) Flint, C. D.; Tanner, P. Al. Chem. So¢Faraday Trans. 21982 78,
103.

(18) Flint, C. D.; Tanner, P. Al. Chem. SogFaraday Trans. 21984 80,

. . 219.
geometry of the uranyl ion, but also the modes are at higher (19) Krol, D. M.; Blasse, GJ. Chem. Phys1978 69, 3124.
energies in uranyl compounds which have smaller counter- (20) Bartlett, J. R.; Cooney, R. B. Mol. Struct.1989 193 295.
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Table 5. Anharmonicity Constantsg; andx;, and Harmonic
Frequenciesﬂ‘ (All in cm~1), in the Eg State for Selected Uranyl
Compounds

V1= 1_/1 -
Compd X11 X12 X22 2X11 - 0.5)(12
UOy(H,PO)»H,O (1) —21 -71 —18 838
CsUOCl2t -15 —6.0 838
[(C:Hs)sNH,UOClLi22  —15 —6.4 841
K3UO,F5t® -15 57 812
Ks(UO,)oFe23 -1.1  -53 813
Cs(UOy)Fs(OH2)2  —15 —54 823

totally symmetric at the uranium site in the present case. The
vibronic origins are relatively weaker, compared with the above
progressions, than in the spectra of centrosymmetric uranyl ions,
such as [(CH)sN].UO.Cl4.*® The anharmonicity constanig
andx;2* for v1v(OUO) andvvadOUO) in the electronic ground
state were fitted from the separations3(n + /), of (n + )
fromnv; (i =1 or 2),

AG(n + ') ="+ x,(2n + 1) (3)
and AG, of nvy + v, from nvy,
AG =)+ Xy, + Xy, (4)

where 17ih is the harmonic frequency (c) of modei. The
derived quantities are listed in Table 5, where comparison with
values from other uranyl systems shows that~ xpo ~ 1—2
cm ! andx;; &~ 5—7 cntl. The derived energies of; from

the nv; + v, progression do not show a monotonic decrease
with n, however, presumably due to Fermi resonance wiihns-
(OUO) + v5(PH,), but the 80 K spectra are not sufficiently well-
resolved to investigate this further. Weak features at 223, 275,
327, 490, and 579 cm below the zero-phonon line are assigned
to OUO rock and bend, YO(eq) antisymmetric stretch, BO
scissor, and water libration, respectively. The energy of the
U—0O(hyp) antisymmetric stretch is rather lower than that of
the U—OH; stretch in Cg(UO,).F¢(OHy), (near 400 cm?),?3
although the BJ-O bond distance is similar (2.35 A), partly
because the latter mode is extensively mixed wiffu—F).

In the low-energy region of the luminescence spectrum, the
distinctly different Franck- Condon pattern of some features

from nearby bands enables them to be assigned to the members

of the nv1v(OUO) + v,{OH,) progression.
The luminescence & is analogously assigned as above and

is therefore not described in detail. The most interesting features

correspond to a clearly located;v(OUO) + v(PH) progression
(n = 0—4), with the derived wavenumber of the PH stretching
mode maximum being 2410 crh This region of the lumines-
cence spectrum is not as well-resolved as théiRtretch region
of the infrared spectrum, and this energy is near to the mean
value of the threersvadPH,) infrared-active modes (Table 4).
Electronic Absorption Spectra of Uranyl Hypophosphites.
The identifications and locations of the excited states in
CsUO,Cly and CsUQ(NO3)s, where the UG site symmetry
approache®,, and D3, respectively, have been reviewed by
Denning? The energy levels of the uranyl ion abg;, site have
been rationalized under this mo#feand may serve as the

(21) Flint, C. D.; Tanner, P. Al. Chem. So¢Faraday Trans. 21978 74,
2210.

(22) Flint, C. D.; Tanner, P. Al. Chem. So¢Faraday Trans. 21979 75,
1168.

(23) Flint, C. D.; Tanner, P. Al. Chem. So¢Faraday Trans. 21981, 77,
2339.
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Figure 6. (a) Survey 15 K absorption spectra dfand 2 between
20 000 and 27 000 cn; (b, ¢) More detail of the first group of bands
of 1 and2, respectively, with wavenumber intervals above origins I,l|
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starting point for comparison with the electronic spectra of
uranyl hypophosphites, where YO has distorted 5-fold in-
plane coordination geometry. Figure 6a shows the survey 15 K
absorption spectra between 20 000 and 27 000dor 1 and

2, with the first group of bands in each case being shown in
Figure 6b,c. The analyses of these complex spectra are rather
lengthy and involved, and in places ambiguous, but are
consistent with previous studié%.17:23 The derived energies

of the excited states, together with the OUO symmetric stretch
progression energies, are listed in Table 6 for comparison with
results from KUO,Fs. Not all of the site-symmetry splittings

of electronic states are resolved in the fairly broad bands of
these spectra, but there is no clear evidence, in the spectral
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Table 6. Excited Electronic States andv,(OUO) Progression
Energies (in cm!) Assigned from the 15 K Electronic Absorption
Spectra of UQH2PQO,)2-H20 and UQ(HPG,).rH3PO, between

20 000 and 27 000 cm

energy {1) in energy {1) in

D5h energy in UOz(HzF)Oz)z' UOz(H2POZ)2‘
excited state K3UO,Fs H,0 (1) HsPG: (2)
LI (EY) 19982,19987 20180 (686) 20 059 (696)
LIV (E,y)  20970,20975 21148 (680) 20820 (690)
V,VI (E2) 22224 (687) 22152 (688)
22327 (683) 22214 (688)
VILVIII E b) ca. 23000 (682) ca. 23 000 (683)
IX,X (E3) 26 514 (705) 26 450 (708)
2 26 546 (707)
XILXII(E ) ca. 28 740 ca. 28 730

a CorrespondingDsy, irreducible representations for the uranyl
excited-state scheme of Dennihg.

region studied, for the location of additional electronic transi-

tions, other than those predicted from the model of Denning.

Tanner and Mak

where the higher equatorial charge (or less polarizable ligand)

leads to lowervv(OUQO) energies. Equatorial tF bond
lengths exhibit a larger change upon the excitation of the
electron from they, orbital than U-Cl bond lengths, as shown
by the observations of progressions in the totally symmetric
v(U—F) mode in luminescencé.For the hypophosphites, the
Franck-Condon maximum in thev,v{(OUO) progressions in
emission is an = 0. Fits to the intensitie$,o (n = 1, ..., 4)
were utilized to calculate the ratios of overlap integrals:

lho [E(ZPL) — nv |* mjor}?
loo E@zPL) ||m0

®)

I0,0

whereE(ZPL) is the zero phonon line energy and; is the
energy ofn quanta ofrvgOUO). This formula neglects the
changes in bulk refractivity and effective field correction with
energy, which is justifiable in the present case for the change
in energy of ca. 3000 cr from the green spectral region. The
overlap integraldm|OCand [0|0Cmay also be calculated from

Some features of the assignments are briefly discussed below ecyrsion formula involving a dimensionless FranelCondon

The weak features marked in Figure 6b,c up to 20 700'cm
correspond to lattice modes, OUO rock and bend,Qghyp)

stretch, and P@scissor modes based upon electronic origins

I,Il at 20 180 cnttin 1 and 20 059 cmt in 2. The U-O(hyp)
stretch energy is slightly higher (by about 10 ¢inthan in the

electronic ground state, which contrasts with the behavior in

uranyl fluoride complexes where the-F stretch decreases by
several wavenumbers in ti&, state. The first member of the
v1 progression on origins 1,11 is at 686 cmt (1) (or 696 cm™!
(2)) to high energy and is just resolved from 704 cnt?! (1)
(or 705 cnt! (2)). A further strong band to slightly higher

energy is assigned to one or both of the components of the

hypersensitivezg — Aq transition, with extensive vibronic
structure up to 462 cmi higher energy in the case @f The
further complexity nearEl_;r — Ily + 2y, is due to the
progressiors; — I1y + 2v2. New strong bands in the region
near 22 200 cmt for both 1 and2 must correspond to further
electronic transitions, V,VI, with the most reasonable loca-

tions given in Table 6. Further new sharp bands in the region

of V,VI + nvy are clearly identified as the anharmonic V ¥l

offset parametebge (g = 2;’ ground state; e= Ily excited
state) and the anglé given by

vle(OUO)jO-5

7,7 (OUO), ©

tanod

From the parametegy e the Huang-Rhys parameters for the

ground &) and excited &) states may be evaluated,
§ =05, cosf and S =057 siM0 (7)

and the offset along the.y coordinate x (pm), between the

ground and excited states can be calculated fgp(where t=
g ore),

055 p, 105

x=2""210"
v, My

8

whereh (J s) andc (cm s1) are constants anklly (kg) is the

nv, progression. By contrast to the states |,11, the wavenumber reciprocal of theG-matrix element of the/;v(OUO) normal

of v, is at 20-30 cnT?! lower energy than that af; in these

mode of vibration of the linear triatomic U&". Note that the

electronic states V,VI. However, some broader bands associatedactor 22in (eq 8) has been neglected in our previous studies

with vibronic structure just above 23 000 chshow a different
Franck-Condon pattern from structure based on V,VIliand

and in other work>2¢but it relates thex;g normal coordinate
to the change in each-tO bond distance. The various degrees

could be associated with a further electronic transition(s). There Of approximation in FranckCondon calculations have previ-
is no evidence for the observation of high-energy vibrational 0usly been described elsewhéfén 1 the derived magnitudes

modes, such ag(OH,) or v(PH,), based on the originsHIV.
Strong bands at 26 450, 26 546 chin 2, with the v,
progression frequency 707 ch correspond to new electronic
origins, I1X,X. The corresponding region @fis more complex,
and although a new origin is clearly located at 26 514 it
is not possible to distinguish vibronic from electronic transitions
in the region to slightly higher energy. The energwefs again
ca. 30 cn1! lower than that ofv; for these electronic states
IX,X. A further new electronic transition near 287328740
cm~tin both 1 and 2 exhibits total absorption in our spectra
and corresponds to origin(s) XI,(XII).

Franck—Condon Analysis of Emission and Absorption
Spectra. The intensities of theZZlr + nvy — Ilg emissive
transitions,l,o (n = O, ..., n vibrational level on;’ state; O

denotes that the transition originates from the zero-point energy (26)

level of I1y), show a maximum fom = O in salts of the
UO,Cl42~ ion, but atn = 1 for salts of UQFs3~ (or UOF427),

of § and S (0.70 and 0.58, respectively) are found to differ
from those reported for G&rCls:UO,Cl2~ (1.05 and 0.8%),
although the calculated £O bond length increase, 4 pm, is
comparable with those upon excitation in other salts of the
uranyl ion, with the (recalculated) values 0©,Cl; 4 pm,
[(C2Hs)sNH]2UO,Cls 5 pm, [(CHs)aN]2UOBrg 6 pm, (NHy)s-
UOFs 7 pm, [(CH)4N]2UO2F, 8 pm, and C4JO,Fs 9 pm, and
corrected values Na[UfJICH;COOQOYX] 5 pm?® and CsZrClg:
U02C|427 5 pm?5

The Franck-Condon analysis of thé:;r — IIg +
absorption spectrum utilizes the relation 9 instead of 5,

(24) Struck, C. W.; Fonger, W. Hl. Lumin. 1975 10, 1.

(25) Metcalf, D. H.; Dai, S.; Del Cul, G. D.; Toth, L. Mnorg. Chem.

1995 34, 5573.

Moran, D. M.; Metcalf, D. H.; Richardson, F. Biorg. Chem1992

31, 819.

(27) Yersin, H.; Otto, H.; Zink, J. |.; Gliemann, G.Am. Chem. Sod.98Q
102 951.
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E(ZPL) [0 9) high site symmetry:Da, or Dan.2 More sparse data are availab!e
for Ds, symmetry systeni8where the excited-state degeneracies
) ) B ) and the transition selection rules are rather different. The
but the spectral congestion and overlapping of transitions hindersistorted pentagonal bipyramidal coordination of uranium in the
intensity measurements. An estimated 6 pm@bond length  compounds and2 enables the model of Denning to be tested
change upon excitation df was obtained from this analysis.  for the Dy, case. In particular the odd crystal field terms of the
Comparison with the emission value gives the valug 5 pm C; uranium site symmetry introduce electric dipole character
for 1. into electronic transitions which are forbidden undeg,
selection rules, so that the transitions to paréefiDg;) excited
states become prominent. Even though the electronic absorption
The uranyl hypophosphitédsand?2 both have structures built  spectra were recorded from mulls and polycrystalline samples,
up by U-O—P—-0O—-U links between uranyl groups with itturns out that all spectral features may be accommodated under
distorted pentagonal equatorial coordination. This leads to Denning’s modef,which assigns the excited states to those from
differently oriented polymeric chains in U®,P0;),-H,0, and the 0,0y andoygy configurations. For compoundsand?2, the
to a three-dimensional network structure in E,PO,),- selection rules of transitions may differ considerably from those
H3PO,, where HPO, plays the role of a unidentate terminal  for CUO,Cly, in which U2 occupies an approximately,n
ligand. The vibrational spectra of both compounds are complex, site. This is most notable for the transitions to thigDen)
with bands characteristic of the uranyl group and hypophosphite excited states, XI,XIl, which transform asgB:g (D2n) and
anion, and although not all of the predicted unit cell group E;(Dg,), because the 4 — E}(Dg,) transition is electric dipole
splittings are resolved, the spectra are consistent with theallowed and dominates the highest energy spectral regidn in
crystallographic data. In particular, several bands enable theand2.
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