
4128 Inorg. Chem. 1983, 22, 4128-4134 

preferential orientation with increasing pressure even when 
finely ground. After release of pressure and grinding, the effect 
of anisotropy has vanished. 

As seen, Fe(phen),(N,), is not completely converted from 
high- to low-spin form with increase of pressure. It is necessary 
to know that the thermodynamic criterion for increase of 
conversion with pressure is that the volume of the system as 
a whole decreases with increasing conversion a t  constant 
pressure and temperature.'O This may be realized by bond 
shortening or closer packing of the molecules due to changes 
in their electronic structure. 

Single-crystal results of a related compound Fe(dip),(NCS), 
reveal that the Fe-N(dip) bond length increases from about 
2.17 8, in the ST, ground state (293 K) to about 2.03 A in the 
'A, ground state (100 K). The difference of 0.14 8, clearly 
reflects the change in radius of the iron(I1) ion in going from 
the high-spin t24e2 to the low-spin tZ6 configuration. The 
Fe-N(NCS) bond length shortens to about 0.08 A,'' In 
agreement with IR results,12 there is no increasing of the N-C 
bond length of the NCS- ligand on passing from the ST, state 
to the 'A, state. In the absence of other structural data, one 
assumes a similar FeN bond shortening in the other studied 
Fe(phen),(X), compounds. However, from the chemistry of 
coordinated azides it is quite apparent that the larger the 
a-donor interaction between the p orbitals on N (bound to the 
metal M) and the d ( a )  orbitals on the metal M, the larger 
the difference between the two N-N distances. Another 
structural parameter of interest is the M-N,-N, bond angle, 
which varies between 117 and 132°,13J4 in the expected range 
for the angle of a trigonally hybridized N, atom. With in- 
crease of pressure the back-donation of the metal d (a)  elec- 
trons to the ligand a orbitals increases and may cause a 
strengthening of the structural effects above. Thus it may 
appear for Fe(phen),(N,), that steric factors and/or crystal 

(10) Slichter, C. P.; Drickamer, H. G. J .  Chem. Phys. 1972, 56, 2142. 
(11) Konig, E. Coord. Chem. Rev. 1968, 3, 471. 
(12) Baker, W. A.; Long, G. J. Chem. Commun. 1965, 5, 368. 
(13) Dori, Z.; Ziolo, F. Chem. Rev. 1973, 73, 247. 
(14) Muller, U. Strucr. Bonding ( E e r h )  1973, 14, 141. 

packing may influence the sharpness of the spin transition. In 
this connection it is interesting to know that the quadrupole 
splitting AEq(LS) in Fe(phen)*(N,) is about 2 times greater 
than observed in Fe(phen),(NCS), and Fe(phen)z(NCSe)2 
(Table I). 

On the other hand, spectroscopic investigations on azido 
complexes place the azide ligand a t  the beginning of the 
spectrochemical ~ e r i e s . ' ~  These ligands, which may act as 
a donors, have rather low fvalues, which are proportional to 
the ligand field parameter A and the covalent bonding. From 
the l i t e r a t ~ r e ' ~  we get the following sequence for the ratio of 
the different ligand field parameters: A(Cl-):A(N3-):A- 
(NCS-):A(CN-) = 0.78:0.83:1.02:1.7. From this, one expects 
that with decreasing fvalues the transformation is increasingly 
hindered, leaving a certain amount of high-spin residual. This 
trend seems to be observed by Fisher and Drickamer.* 
However, a related study on Fe(phen),(X), with X = C1, Br 
is currently under way in our laboratories. 

In this connection, it is noteworthy that Fe(phen),- 
(CN),.H20, which exhibits a very high degree of back-bonding 
to the empty cyanide ligand T* levels, exists in the low-spin 
state a t  0.001 kbar. Obviously, the dominant effect is the 
increase in the ligand field with pressure due to the increased 
back-bonding. The increase in the ligand field overcomes the 
spin-pairing energy and thus brings about the high-spin to 
low-spin transition. 

Theoretical considerations on the problem of spin transitions 
as a function of pressure are in progress. 
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The excited-state properties of the layered compound hydrogen uranyl phosphate (HUP), HU02P04.4H20, and of solids 
derived therefrom have been examined; the derivatives, prepared by intercalative ion-exchange reactions, have compositions 
based on stoichiometric proton substitution by NH4+, pyridinium, n-butylammonium, n-octylammonium, K+, and Ag+, 
0.5 equiv of Ca2+ and Zn2+, and 0.4 equiv of Cu2+. These compounds have all been characterized by elemental analysis, 
IR spectroscopy, and X-ray powder diffraction; the last confirms the retention of the lamellar structure upon cationic substitution 
and reveals that the interlamellar spacing can vary considerably with the choice of cation. All of the samples exhibit electronic 
absorption spectra characteristic of the UOZ2+ chromophore. Except for the n-octylammonium, Ag+ and Cu2+ salts, the 
samples all exhibit yellow-green emission characteristic of the UOZ2+ moiety when excited with blue or near-UV light at 
295 K. Emission decay curves are exponential for all of the luminescent solids and yield lifetimes, T ,  ranging from - 1 
to 450 ps. HUP and its K+, NH4+, pyridinium, and CaZ+ derivatives are all highly emissive with measured radiative quantum 
efficiencies, @,, approaching unity at 295 K. Values of T and @, have been used to calculate radiative (k , )  and nonradiative 
(k",) rate constants for excited-state decay. Values of k,  are nearly constant at -(l-2) X lo3 s-] for the samples, whereas 
k ,  values span several orders of magnitude. Possible quenching mechanisms for the weakly emissive and nonemissive solids 
are described and compared with previously reported solution data. 

The excited-state properties of inorganic solids are receiving 
considerable attention as a means of characterizing electronic 
structure and physical processes occurring within the solid. 

light-emitting diodes,, as well as the characterization of sem- 
iconductor electrodes3 and  colloid^.^ Although numerous 

Useful applications of luminescence, traditionally the basis for 
such studies, have included the design of phosphors' and 

(1) L ~ ~ ~ ~ ~ ~ ~ ,  H, W, -An ~ ~ ~ ~ d ~ ~ ~ i ~ ~  to ~~~i~~~~~~~~ of Solids"; D ~ ~ ~ ~ :  
New York, 1968. 
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inorganic solids have been examined, relatively few systems 
have been amenable to a systematic study of excited-state 
properties based on stoichiometric chemical substitution. A 
compound that attracted our interest in this regard is hydrogen 
uranyl phosphate (HUP),  HU02P04.4H20. Besides exhib- 
iting intense luminescence characteristic of the uranyl (UO:’) 
m ~ i e t y , ~  this layered solid undergoes intercalative ion-exchange 
reactions with mono- and divalent cations to produce a large 
family of structurally related solids with the formula 
Mn+1&J02P04.xH20 (n = 1, 2).6 
In this paper we report on the excited-state properties of 

HUP and some of its derivatives formed by partial or complete 
substitution of the proton by alkali, alkaline-earth, transi- 
tion-metal, ammonium, alkylammonium, and pyridinium ions. 
We  show that HUP and several of its derivatives are highly 
emissive a t  295 K while other substituents appear to completely 
quench the luminescence. For the emissive solids, unimolecular 
rate constants, extracted from lifetime and quantum yield 
measurements, are used to establish correlations between the 
composition of the solids and their excited-state deactivation 
routes. These results are compared with those reported for 
other uranyl species, and quenching mechanisms are discussed. 
Besides providing insight into the electronic structure and 
excited-state processes of these solids, the studies described 
herein also illustrate the use of luminescence as a probe of 
intercalation, a reaction which is being extensively studied with 
use of a wide variety of lamellar host s01ids.~ 

Experimental Section 

Materials and Synthesis. All chemicals were analytical reagent 
grade. Metal salts were recrystallized from triply distilled water; other 
reagents were used as received. Starting materials included UOz- 
(N03)2-6H20. U02(CH3COz)z.2H20, CuClZ.2Hz0, CU(NO~)~-~H,O,  
Ca(N03)2.4H20, and CaClz.2H,O from Baker, Zn(N03)z.6Hz0, 
NH4N03, and NH4Cl from Fisher, H3P04, ZnCl,, KN03, KCl, and 
AgN03 from Mallinckrodt, NaCH3C02 from Drake Brothers, 
(2,2’-bpy)3RuC1z.6H20 from G. F. Smith, and n-butylamine, n- 
octylamine, pyridine, D20, and D3PO4 from Aldrich. The alkylamines 
were isolated and recrystallized as HCI salts prior to reaction with 
HUP. Pyridine was protonated with HC1 (pH -4) prior to reaction 
with HUP. All manipulations were carried out in air except those 
involving the deuterated species, which were handled in a N,-filled 
glovebag. HUP was prepared as described previously from H3PO4 
and U02(N03)2-6H206 This compound was substituted with various 
mono- and divalent cations by modification of a literature procedure.6 
In a typical synthesis, a slurry was prepared that consisted of -250 
mg of HUP suspended in 25 mL of a 2 M solution of the cation to 
be introduced. Chloride or nitrate served as the counterion and did 
not affect the physical properties of the product; no evidence for nitrate 
incorporation in the solid was found by IR spectroscopy. The slurry 
was magnetically stirred at room temperature for 2 days; over this 
period, initially neutral solutions would reach the final pH of 1-2. 
After the reaction was complete, the slurry was filtered and the solid 
washed with 100 mL of distilled water until the washings were free 
of dissolved ions. The solid was then air-dried in a fume hood for 
24 h, at which point it was stored in a tightly stoppered vial. Desiccants 
were avoided since dehydration can drastically affect the physical 
properties of the solid. In the case of the Cu derivative, only a partially 
exchanged product (-25% of the expected quantity by atomic ab- 
sorption, vide infra) was obtained by this route. A more highly 
substituted product resulted by slurrying a partially exchanged solid 
in 4 M copper nitrate at 75 OC for 2 days. This route yielded a 
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material whose Cu content was 84% (by atomic absorption spec- 
trometry) of that expected for a fully substituted product. Attempts 
to prepare DUP by the reaction of uranyl nitrate with D3P0, in D20 
yielded only a partially substituted product by IR analysis. 

X-ray Diffraction Powder Patterns. X-ray data were obtained with 
a Philips Electronic Instruments X-ray source and a Debye-Scherrer 
camera. Exposure times were 4 h to Ni-filtered Cu Ka radiation. 
The patterns were measured to i0.05 mm with a Norelco film recorder 
and indexed in tetragonal symmetry, with use of c lattice values derived 
from 001 data; a lattice values were approximately equal to 6.99 A, 
the value reported for single-crystal HUP.6 

Elemental Analyses. Microanalyses were obtained for HUP and 
several of its derivatives from Galbraith Laboratories, Knoxville, TN. 
Anal. Calcd for UH9010P(HU02P04.4H20): H, 2.07; N, 0.00. 
Found: H, 1.93; N, 0.006. Calcd for UC5H6N06P (NC5H6UO2Po4): 
C, 13.49; H, 1.36; N, 3.15. Found: C, 13.19; H, 1.35; N, 3.07. Calcd 
for UC4Hl8NO9P (n-(3,HgNH3U02P04.3H20): C, 9.74; H, 3.65; 
N, 2.84. Found: C, 9.21; H, 3.22; N, 2.72. Calcd for UC8H26N09P 
(n-C8Hl,NH3U02P04.3Hzo): C, 17.50; H, 4.73; N, 2.55. Found: 
C, 17.09; H, 4.62; N, 2.75. Calcd for UHIoNO9P (NH,UO,PO,. 
3H20): H, 2.30; N, 3.20. Found: H, 2.28; N, 3.20. For metal 
derivatives, the weight percent of the metal was determined by a 
Vollhard titration in the case of Ag and by atomic absorption spec- 
trometry for Ca, Zn, K, and Cu with use of techniques and instru- 
mentation previously de~cribed.~ The samples were prepared for 
analysis by dissolution in 1 M HC1. Anal. Calcd for UCao,5H8010P 
(Cao,5U02P04~4HzO): Ca, 4.38. Found: Ca, 4.25. Calcd for 
UZn0,,H8OloP (Zno,5U02P04.4H20): Zn, 6.98. Found: Zn, 7.0. 
Calcd for UKH609P (KU02P04.3H20): K, 8.53. Found: K, 8.6. 
Calcd for UAgH60gP (AgU02P04.3H20): Ag, 20.46. Found: Ag, 
20.2. Calcd for UCuo,5H80,0P ( C U ~ , ~ U O ~ P O ~ . ~ H ~ O ) :  cu ,  6.78. 
Found: Cu, 5.7. The last analysis corresponds to H0,16C~0,42U02P- 
O4.4H20, Le., partial substitution. 

Spectra. IR spectra were taken on a Beckman Model IR 4250 
instrument. Spectra were run on dilute KBr pellets and Nujol or 
Fluorolube mulls containing the solids. Only for the Cu derivative, 
which appeared to react with KBr (a black coloration developed), 
was there any significant difference in IR spectra obtained by the 
two techniques. Electronic absorption spectra were obtained on a Cary 
17-D UV-vis-near-IR spectrophotometer by spreading a Nujol mull 
of the solid on filter paper; Nujol on filter paper served as a reference. 
Uncorrected emission spectra were acquired with an Aminco-Bowman 
spectrophotofluorometer and red-sensitive PMT described previously.1° 
Samples were placed in a cuvette facing the detection optics and 
irradiated “head on” with a Xe lamp or Coherent Radiation CR-12 
Ar ion laser, whose outputs were deflected off of a mirror in the sample 
compartment and onto the sample. When ultraviolet excitation was 
used, a Melles Griot 03-FCG-055 filter was placed in front of the 
PMT to eliminate the overtone from the exciting light. Excitation 
spectra were also obtained with the “head-on” geometry; the spec- 
trometer’s Xe lamp was used for excitation, and emission was mon- 
itored at 520 nm. 

Emissive Quantum Yields. Values of q$ were obtained with use of 
a technique reported for solid samples which is based on differences 
in intensity of the light reflected from the sample and from a highly 
reflective MgO powder.l’ Interference filters were used in conjunction 
with the emission spectrometer’s monochromator to select wavelengths. 
“Head-on” excitation was employed, and measurements were corrected 
for detector sensitivity, as previously described.l2 The salt 
[Et,N],[MnBr,], prepared as described in the literature, served as 
a standard and gave 4, values of 0.60-0.65, in good agreement with 
the reported range of 0.50-0.68.” 

Lifetimes. Values of 7 were acquired by exciting samples with the 
450-nm output of an NRG DL 0.03 dye laser ( -7  ns fwhm) pumped 
by an NRG 0.7-5-200 pulsed N, laser (0.7-MW peak power); Cou- 
marin 450 dye was employed. The samples were irradiated “head-on” 
in the AminmBowman spectrometer, as described above, but the P M T  

(2) Williams, E. M.; Hall, R. In?. Ser. Sci. Solid State 1978, 13. 
(3) See, for example: Streckert, H. H.; Tong, J.; Ellis, A. B. J. Am. Chem. 

SOC. 1982, 104, 581 and references therein. 
(4) Duonghong, D.; Ramsden, J.; Grltzel, M. J. Am. Chem. Soc. 1982,104, 

2971. 
(5) Rabinowitch, E.; Belford, R. L. “Spectroscopy and Photochemistry of 

Uranyl Compounds”; Pergamon Press: Oxford, 1964. 
(6) Weigel, F.; Hoffmann, G. J. Less-Common Met. 1976, 44, 99. 
(7) Whittingham, M. S.; Jacobson, A. J. “Intercalation Chemistry”; Aca- 

demic Press: New York, 1982. 

(8) Morosin, B.>hys. Lett. A 1978, 65A, 53. 
(9) Schlesener, C. J.; Streckert, H. H.; Ellis, A. B. Anal. Chem. 1981, 53, 

2283. 
(10) Karas, B. R.; Ellis, A. B. J. Am. Chem. SOC. 1980, 102, 968. 
(1 1) Wrighton, M. S.; Ginley, D. S.; Morse, D. L. J. Phys. Chem. 1974, 78, 

2229. 
(12) Streckert, H. H.; Tong, J.; Carpenter, M. K.; Ellis, A. B. J. Electro- 

chem. SOC. 1982, 129,112. 
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Table I .  Physical Properties of HUP and Derivativesa 

compd' 

interlamellar spacing, AC 

this work l i t d  

HUP.4H 2 O  
HUP.4H,0i 
NH,UP.3H2O 

JI-BuNH, UP.3HZO 
~ I - O C ~ N H , U P . ~ H , O  
KUP.3H2O 
AgUP.3 H ,O 

pyHUP 

UP.4H 2O 
Zno.s UF4H ,O 
CU,.~, h. I b  UP4H2@ 

8.69 8.69 

9.01 9.05 
9.28 . . .  

14.39 14.20 
18.76 18.60 
8.90 8.89 
8.45 . . .  

10.34 10.35 
8.60 . . .  
8.71 8.7 1 

295 K I 7  K 

3 20 400 
430 
450 600 
250 310 

1.8 350 
. . .  150 
450 450 

3 20 350 
140 140 

. . .  . . .  

. . .  . . .  

@ r f  

0.70 

0.60 
0.32 
0.0014 

0.65 

0.36 
0.18 

. . .  

. . .  

. . .  

10-3kk,, 
s-I g 

2.2 

1.3 
1.3 
0.8 

1.4 
. . .  

1.1 
1.3 

0.9 
2.1 

560 
. . .  

0.8 

2.0 
6.1 

. . .  

. . .  
a Crystallographic and emissive properties of HUP and related samples (295 K)  prepared by intercalative ion-exchange reactions as described 

in the text. Vacant entries in the portion of the table representing emissive properties correspond to samples for which we were unable to 
detect luminescence. Interlamellar 
spacings obtained from 001 lines o f  X-ray diffraction powder patterns; spacings obtained from several 001 lines from each sample were 
internally consistent. All samples could be indexed to  tetragonal unit cells with a within t0 .05 of 6.99 A.  
interlamellar spacings for previously characterized solids. All are taken from ref 6 except for the n-BuNH, + and n-OctNH, + derivatives, 
which were obtained from ref 16. In cases where X-ray data were sufficiently precise, the crystallographic c spacing was found to be twice 
the interlamellar ~ p a c i n g . ~ ~ "  This is probably the case for our samples as well. e Measured lifetime, obtained for emissive samples with 
450-nm excitation as described in the Experimental Section. Radiative quantum efficiency (295 K), obtained for emissive samples with 
460-nm excitation as described in the Experimental Section. g Unimolecular rate constant for radiative decay, calculated by using eq 3 in 
the text. /I Unimolecular rate constant for nonradiative decay, calculated by using eq 4 in the text. Data for a slurry of HUP in its mother 
liquor. the filtrate from its synthesis; emission from the mother liquor was negligible at 295 K. We believe that the measured lifetime for the 
slurry is a more reliable value and that the discrepancy from the value of 7 for the solid indicates degradation of the solid under our 
experimental conditions (see Results and Discussion and Experimental Section). !;or the & measurement of the solid, degradation did not 
appear to be a problem owing to the much lower excitation intensity employed. 
absorption spectrometry. 

Samples investigated; as described in the text,  the indicated waters of hydration are approximate. 

Literature values for 

Cu content is approximate and was determined by atomic 

was a R C A  1P-28 model whose base was wired to permit the output 
to be fed directly into a Tektronix Model 466 storage oscilloscope. 
For strongly emissive samples the output a t  30 pulses/s could be 
photographed directly from the oscilloscope to give the intensity-time 
plot; for weakly emissive samples, decay curves were obtained by 
operating the oscilloscope in the storage mode, which averaged - 150 
pulses with the laser operating a t  20 or 30 pulses/s. Typical peak 
incident intensities were -0.2 kW/cm2, although no difference in 
decay characteristics was observed for HUP at  77 K when the intensity 
was reduced by a factor of 100 with use of neutral density filters. 
Higher intensities tended to degrade samples, particularly HUP. Decay 
curves obtained on slurries of all of the emissive solids in distilled water 
were identical with those obtained with the dry solids, except for HUP,  
which appeared to degrade under those conditions. The longest 
lifetimes observed for H U P  were obtained from slurries of H U P  in 
its mother liquor (the filtrate from its synthesis); emission from the 
mother liquor was negligible a t  room temperature. Lifetimes a t  77 
K were obtained with a quartz  Dewar assembly that  mated to the 
emission spectrometer's sample chamber.  Dry, powdered samples 
were irradiated in 1 mm 0.d. glass tubes. For all samples, plots of 
log (intensity) vs. time were linear over a t  least 2 lifetimes. Values 
of T and @, were determined on a t  least two different samples of each 
compound. The solids UOz(N03)2-6H2013 and NaU02(CH3C0z)3 '4  
and a degassed aqueous solution of R ~ ( 2 , 2 ' - b p y ) , C l ~ ' ~  served as  
lifetime standards. Lifetimes measured for these compounds with 
use of the setup described above were in good agreement with literature 
values. 

Results and Discussion 
In sect ions be low we describe structural and exc i t ed - s t a t e  

properties of HUP and several of its derivatives. Character- 
ization is based on X-ray, IR, electronic absorption, and em- 
issive data. Correlations of these properties with the compo- 
sition of the solid are discussed with reference to other uranyl 
sys t ems .  

(13) Pant, D. D.; Pant, H.  C. Indian J .  Pure Appl. Phys. 1968, 6, 219. 
(14) Hall, L. A.; Dieke, G.  H. J .  Opt. SOC. Am. 1957, 47, 1092. Sodium 

uranyl acetate was prepared according to a literature synthesis: 
Chernyaev, I. I., Ed. 'Complex Compounds of Uranium", English 
translation; Israel Program for Scientific Translation: Jerusalem, 1966; 
p 108. 

(15) Lytle, F. E.; Hercules, D. M. J .  Am. Chem. SOC. 1969, 91, 253. 

1. X-ray Data. HUP is a well-studied compound which 
undergoes intercalative ion-exchange reactions with numerous 
mono- and divalent cations, as represented by eq 1 and 2; many 

(1) HU02P04 + M+ - MU02P04  + H+ 

M = Li, Na, K, NH4, n-C4H9NH3, n-CXHl7NH3, Ag 

HU02P04 + 0.5M2' - Mo,5U02P04 + H+ 

M = Mg, Ca, Zn, Ba, Cu 

of these compounds are naturally occurring minerals of the 
to rbe rn i t e  family.6J6 These solids, along wi th  arsenate ana- 
logues, have been characterized by X-ray diffraction powder 
patterns and in several cases, including HUP, by single-crystal 
X-ray d i f f r a c t i ~ n . ~ ? ~ J ~ J ~  They are h y d r a t e s  w i t h  a lamellar 
structure consisting of alternating sheets of (U02P04),,w and 
water molecules. The former are wafflelike in structure, each 
U atom being coordinated to four equatorial 0 atoms from 
four P043- groups in addition to the two apical 0 atoms that 
cons t i t u t e  the U022+ moiety. The water molecules form 
squares linked through H bonding; cations are believed to 
either subst i tute  for H20 at a corner of the square or to occupy 
the center of the square, leading to formulations of the sheets 
as Mn+-3H20 and Mfl++.4H20.17,18 Although three and four 
waters of hydration represent the fully hydrated composition 
of many of these compounds ,  there is evidence for several of 
t h e  solids t h a t  the hydrate phase is n o n ~ t o i c h i o m e t r i c . ' ~  
Hydration stoichiometries reported by various workers show 
a wide  range, so the exact hydration stoichiometry may v a r y  
considerably with expe r imen ta l  conditions.6 

We have prepared samples of HUP and its K', Ag', NH4+, 
n-C4H9NH3+ (n-BuNH3+), n-CxHI7NH3+ (n-OctNH,'), 
C5H5NH+ (pyH+), Ca2+, Cu2+, and Zn2+ sa l t s  using t h e  in- 

(2) 

(16) Weiss, V. A.; Hartl, K.; Hofmann, V. Z .  Narurforsch., B Anorg. 
Chem., Org. Chem., Biochem., Biophys., Biol. 1957, 128, 351. 

(17) Ross, M.; Evans, H. T.; Appleman, D. E. Am. Mineral. 1964,49, 1603. 
(18) Ross, M.; Evans, H. T. Am. Mineral. 1964, 49, 1578. 
(19) Johnson, C. M.; Shilton, M. G.; Howe, A. T. J .  Solid State Chem. 1981, 

37, 37. 
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tercalative ion-exchange reactions given by eq 1 and 2. X-ray 
diffraction powder patterns were obtained for all of the com- 
pounds and were indexed to tetragonal unit cells. The in- 
terlamellar spacings (distance from the middle of one plane 
to the middle of the adjacent plane), determined from 001 data, 
are reported in Table I; while values for the interlamellar 
spacings vary over a wide ran e, values for the a lattice pa- 

gle-crystal HUP.* Except for the pyridinium, Zn, and Ag 
derivatives, powder patterns of all of the solids in this study 
have been published and are in good agreement with our 
data.6J6 For HUP-4H20,  the data appear to correspond to 
what has been referred to as the phase I polymorph (P4/ncc), 
although our interlamellar spacing is half the crystallographic 
c value reported.,O Our inability to see the full crystal lattice 
in this and several other samples could reflect the insensitivity 
of our experimental setup; reflections with odd values of I ,  from 
which the c lattice constant is derived, are expected to be very 
weak for systems derived from the H U P  framework. 

Table I shows that most substituents for H U P  increase the 
interlamellar spacing. The largest perturbations are observed 
with the alkylammonium salts and, as reported previously,16 
indicate that the alkyl chains are oriented substantially in the 
c direction so as to push the layers apart. The much smaller 
separation with the pyridinium salt suggests that this sub- 
stituent has little extension in the c direction. Modest effects 
observed with the other substituents may reflect a finer balance 
between the size of the cation and the perturbation of the 
H-bonding network that is believed to extend between layers 
via the 0 atoms of the PO:- groups.* Hydrogen bonding could 
be strongly affected by the changes in hydration stoichiometry 
that accompany some of the ion-exchange reactions. 

With regard to hydration, we should mention that our 
samples have been prepared and handled under conditions that 
should correspond to maximum hydration. Table I gives 
literature hydration values that are approximate for reasons 
discussed above. We obtained similar values for several of our 
samples by elemental analysis. IR data (vide infra) also 
provided a qualitative measure of the extent of hydration. 

2. IR Spectra. The IR spectra of H U P  and several de- 
rivatives, obtained with use of KBr pellets, are presented in 
Figure 1. Curve A, the H U P  spectrum, accords well with 
previously reported data.21,22 Dominating this spectrum is 
an absorption band centered a t  -1000 cm-', which was 
previously assigned to phosphate stretching modes.22 The 
strong sharp band at -930 cm-' and a much weaker band at 
-830 cm-' have been assigned as UOZ2+ asymmetric and 
symmetric stretching modes, respectively.22 Bands due to 
water occur at -3400 and 1620 cm-', and an asymmetric 
mode of H30+ is believed to be the origin of the broad band 
a t  - 1750 cm-1.21 As was reported previously,22 exchange of 
H U P  with metal ions causes little substantive change in the 
spectrum, although we do see a small decrease in the 1750- 
cm-' band (loss of H30') and an increase at 1620 cm-'. 
Similar changes are observed with the n-BuNH3+ and n- 
OctNH3+ salts, curves B and C,  respectively. Additionally, 
other bands characteristic of the organic species are observed, 
including several in the 1400-1600-cm-' region which are 
similar to bands reported for the protonated amines.23 Bands 
due to water are still present as well, confirming that the solid 
is hydrated. 

In contrast to all of the other species we examined, the 
pyridinium salt of HUP appeared from both elemental analysis 

rameter are all within f0.05 w of the 6.99 A found for sin- 

(20) Howe, A. T.; Shilton, M. G.  J.  Solid Stare Chem. 1979, 28, 345. 
(21) Shilton, M. G.; Howe, A. T. J. Solid State Chem. 1980, 34, 137. 
(22) Pekirek, V.; Veselg, V. J .  Inorg. Nucl. Chem. 1965, 27, 1 1 5 1 .  
(23) "Standard Infrared Grating Spectra"; Sadtler Research Laboratories, 

Inc.: Philadelphia, 1969. 
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Figure 1. Infrared spectra of (A) HUP, (B) n-BuNH3UP, (C) n- 
OctNH,UP, and (D) pyHUP. All spectra were obtained at  295 K 
with use of KBr pellets. 

and its IR spectrum, curve D of Figure 1, to lack water in its 
structure; the very weak absorption at -3500 cm-' compared 
to the phosphate band at - 1000 cm-' is particularly telling. 
Pyridine, like the alkylamines, introduces new bands into the 
IR spectrum when it substitutes into HUP. The bands from - 1450 to 1650 cm-' are ring-stretching vibrations and exhibit 
a pattern very similar to that reported for the pyridinium ion 
and very different from those reported for free pyridine or 
metal-bound ~ y r i d i n e . ~ ~ , ~ ~  These results support the conclusion 
drawn from the X-ray data (vide supra) that the pyridine rings 
are roughly perpendicular to the c axis; this orientation would 
permit them to displace water molecules without disturbing 
the lamellar structure. 

Besides the compounds of Table I, which all yielded the 
broad, structureless phosphate band at 1000 cm-' characteristic 
of the uranyl phosphate sheets, we also examined a sample 
of HUP exposed to the desiccant CaC1,. As reported previ- 
ously,22 dehydration causes drastic changes in this spectral 
region, suggestive of a puckering of the (U02P04)nn- sheets; 

(24) Johnson, J. W.; Jacobson, A. J.; Brcdy, J. F.; Rich, S. M .  Inorg. Chem. 
1982, 21, 3820. 
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Figure 2. Absorption spectrum of HUP (295 K), obtained as a Nujol 
mull on filter paper. 

a powder pattern of this sample is very much different from 
that of a hydrated sample. The lOOO-cm-' band is thus a fairly 
sensitive probe of the integrity of the structure. We also 
examined the intensity ratio of the UO:+ symmetric and 
asymmetric stretching bands for all of the Table I compounds; 
the weak intensity of the symmetric stretching band is con- 
sistent with a slight distortion from a centrosymmetric 
structure. Although overlap with the phosphate bands pre- 
cluded a quantitative analysis, the intensity ratios appeared 
roughly similar for all of these compounds, suggesting a similar 
U022+ geometry in all of the samples. 

3. Electronic Spectra. With the exception of the Cu de- 
rivative, which is blue-green, all of the solids prepared are 
yellow to yellow-green. This color derives from the spectrum 
of the UO?+ moiety, which has a characteristic vibronic 
structure.25 As illustrated in Figure 2 for HUP, the spectrum 
consists of several band envelopes with each envelope con- 
taining a progression of sharp peaks. All of our samples, 
including the Cu derivative, exhibit similar spectra in the 
350-500-nm region. 

The spectra of solid H U P  and its Ca  and Cu derivatives 
have previously been examined in detail a t  77 K along with 
many other UO?+-containing compounds.26a These studies 
revealed that several overlapping electronic transitions were 
present in the 350-500-nm region and that the spectral features 
were governed by the symmetry of the equatorial ligands. For 
the near-D,* site symmetry present about U in HUP and its 
derivatives, three bands were predicted and observed. The 
spectral pattern and 0-0 band positions at 19 885 cm-I (IA, - IEg(f)), 22635 cm-I (IA, - 1B2g(f)), and 26760 cm-l (]A, - lBlg(f)) reported for the Cu derivative26 accord well with 
our data for H U P  and its derivatives. Although overlap of 
the bands complicates a complete analysis, localization of the 
transitions on the U022+ moiety is indicated by the spacings 
in the vibronic progressions. These average -700 cm-l and 
are consistent with an excited-state symmetric stretching mode 
progression of u O ~ ~ + . ~ ~  

One other noteworthy feature concerns the Cu derivative. 
Figure 3 shows that the blue-green color arises from a low- 
energy absorption band with A,,, at -660 nm. There is a 
second absorption band which is found a t  -810 nm. These 
two bands are similar to those observed in a single-crystal 

( 2 5 )  Burrows, H. D.; Kemp, T. J. Chem. Soc. Reu. 1974, 3, 139. 
(26) (a) Gorller-Walrand, C.; De Jaegere, S. Spectrochim. Acta, Part A 

1972, t8A,  257. (b) Gorller-Walrand, C.; Vanquickenborne, L. G. J .  
Chem. Phys. 1971, 54, 4178. 

(27) De Jaegere, S.; Gorller-Walrand, C. Spectrochim. Acta, Part A 1968, 
25A, 559. 
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Figure 3. Absorption spectrum of C U ~ , ~ ~ H ~ , ~ ~ U P  (295 K), obtained 
as a Nujol mull on filter paper. We are uncertain as to the origin 
of the absorption beyond - 1000 nm. 
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Figure 4. Uncorrected emission spectrum (295 K) of HUP. The 
powdered sample was excited with 457.9-nm excitation from an Ar 
ion laser. 

absorption spectrum of the related complex CU, ,~UO~ASO~.~* 
The bands can reasonably be assigned to d-d transitions on 
the basis of similar bands of other Cu(I1) complexes29 and their 
low extinction coefficients, e; low values o f t  are inferred from 
comparisons with the uranyl bands, whose absorptivities for 
monomeric solution species are 520 M-I ~ m - ' . ~  Low-energy 
bands are neither expected nor observed for the other sub- 
stituents employed, since they are all closed-shell ions. 

4. Emissive Properties. a. Spectral Distribution. We found 
that H U P  and several of its derivatives (NH,' pyH+, n- 
BuNH3+, K+, Ca2+ and Zn2+) emit at room temperature with 
blue and near-UV excitation. The yellow-green luminescence 
observed is characteristic of uranyl salts,25 and the variation 
in emissive intensity among compositions may account for the 
modest color differences encountered (vide supra), the more 
emissive samples appearing more yellow-green when viewed 
under fluorescent room lights. Figure 4 presents an uncor- 
rected 295 K emission spectrum of H U P  obtained with 
457.9-nm Ar ion laser excitation. The spectrum is insensitive 
to composition for the solids examined under the low-resolution 
(bandwidth -5 nm) conditions employed. Figure 4 shows that 
the spectrum consists of a vibronic progression spanning - 500-630 nm with average spacings between the bands of 
-840 cm-I. This energy roughly corresponds to the 
ground-state uranyl symmetric stretching mode, again sug- 
gestive of a transition largely localized on the uranyl moiety. 
The difference in vibronic spacings found in absorption and 
emission spectra indicates distortion in the emissive excited 

(28) Billing, D. E.; Hathaway, B. J.; Nicholls, P. J .  Chem. SOC. A 1969, 316. 
(29) Hathaway, B. J.; Billing, D. E. Coord. Chem. Reu. 1970, 5, 143. 
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state relative to the ground-state structure. 
We found the emission spectra of HUP, NH4UP, and 

C a , , U P  to be independent of excitation wavelength over the 
range 350-500 nm. Moreover, we found that excitation 
spectra of these solids mimic their absorption spectra, indi- 
cating that the emissive excited states of these materials are 
efficiently populated from their upper excited states. 

b. Excited-State Kinetics. We obtained lifetimes, T ,  and 
radiative quantum efficiencies, GI, for all of the emissive solids. 
The lifetimes were acquired with use of 450-nm excitation from 
a N2-pumped dye laser. All of the samples exhibited a simple 
first-order decay over several lifetimes. Typical values of T ,  

summarized in Table I, were -140-450 p s  except for the 
n-BuNH3+ derivative with a value of -2 ps .  Lifetimes of 
-lo2-lo3 p s  have been reported for other highly emissive 
uranyl salts.30 Previously reported T values for H U P  and 
related compounds (HUP, 440 ps; KUP, 280 ps; Cao,SUP, 200 

either are in good agreement with our values or are 
somewhat lower; discrepancies may reflect sensitivity to ex- 
perimental conditions. 

Estimates of @,, defined as photons emitted per photons 
absorbed, were obtained with use of a technique based on a 
comparison of light reflected from the samples and from a 
nonabsorbing standard, MgO powder, in the same geometry." 
This difference represents photons absorbed by the sample and 
is divided into the number of photons emitted; intensities are 
obtained from areas under the appropriate bands, as described 
in the Experimental Section. 

Table I reveals that except for the n-BuNH3+ derivative with 
4, all of the emissive samples have extraordinarily high 

values approaching unity with 460-nm excitation. Since 
the error in the technique employed has been estimated as 
being f25%," it is difficult to say just how close to unity 4, 
is for these solids, but they are clearly highly emissive both 
by eye and by comparison with other efficient emitters such 
as [NEt4I2[MnBr4]." The @r value for HUP of 0.70 is in 
reasonable accord with a value of 0.85 previously 
A large 4, value is also supported by thermal effects, which 
can be used to establish an upper limit on 4,: In contrast to 
many solids for which 4, increases dramatically with declining 
 temperature^,^^ we visually observed only modest increases in 
emission intensity at 77 K for the most highly emissive samples. 
We made a more quantitative investigation of the effect by 
looking for lifetime enhancement at 77 K. Table I reveals that 
little difference in T is observed in passing from 295 to 77 K 
for the highly emissive samples. On the other hand, both the 
n-BuNH3+ and n-OctNH3+ salts exhibited enormous increases 
in both emission intensity and T ,  perhaps related to changes 
in excited-state chemical reactivity (vide infra). We should 
note, however, that comparisons at the two temperatures may 
also reflect structural changes. 

The simple unimolecular decay of H U P  and its emissive 
derivatives permits the calculation of their first-order radiative 
and nonradiative rate constants k, and k,, by eq 3 and 4. In 

(3) 

(4) 

41 
k, = 7 

1 
k,, = - - k, 

7 

terms of these rate constants, 7 = ( k ,  + kn,)-l and d1 = k,(k, 
+ k,)-1.33 Table I summarizes the calculated k, and k, values 

(30) Joshi, G. C. Indian J .  Pure Appl.  Phys. 1976, 14, 180. 
(31) (a) Sugitani, Y.; Kato, K.; Nagashima, K. Bull. Chem. Soc. Jpn. 1979, 

52, 918. (b) Sugitani, Y.; Nomura, H.; Nagashima, K. Ibid. 1980, 53, 
2677. 

(32) Williams, F. In 'Luminescence of Inorganic Solids"; Goldberg, P., Ed.; 
Academic Press: New York, 1966; p 4. 
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for the solids examined. We must point out that uncertainties 
in these values arise not only from experimental uncertainties 
but also, in some cases, from material properties as well. 
Several samples of H U P  gave slightly lower 4, and T values. 
We attribute this to slight variations in the degree of hydration 
of the samples. H U P  emission appears to be particularly 
sensitive to hydration, being rapidly quenched by exposure to 
desiccants or to excessive heating; in the latter case, changes 
in emissive properties were observed when high excitation 
intensities were employed. 

A key result which emerges from Table I is that, for the 
samples examined, k, is relatively invariant to composition, 
being ~ ( 0 . 8 - 2 . 2 )  X lo3 s-l. Changes in T and 4, primarily 
reflect changes in k,,,. Studies with other uranyl salts have 
established correlations between k, and the uranyl coordination 
symmetry, higher symmetries corresponding to smaller rate 
constants; average k, values of -2900, 560, and 440 s-l have 
been measured for symmetries of DZhr Djh, and D4h, for ex- 
ample.30 Although our k, values for the HUP-derived solids 
appear somewhat high in light of their near-D4* microsym- 
metry (vide supra), this difference, if significant, may reflect 
the more asymmetric packing environments of the HUP-de- 
rived solids. 

c. Quenching Mechanisms. An important feature of the 
H U P  family of solids is that their chemical diversity permits 
an examination of the factors that influence nonradiative 
excited-state deactivation. We note, for example, that 
quenching does not correlate well with the interlamellar 
spacing: the pyH+ and Ca2+ derivatives emit brightly, but the 
Ag' and n-OctNH3+ derivatives do not emit at all. There is 
also no correlation with the oxidation state of the substituent: 
K+ and Ca2+ luminesce; Ag+ and Cu2+ do not. We also 
attempted to investigate the role of vibrational modes on 
nonradiative deactivation by substituting D20 for H 2 0 ,  which 
has a marked effect on some systems.34 Although we were 
unable to prepare a sample with more than 50% incorporation 
of D20 (based on IR spectra), the luminescence intensities of 
partially substituted samples appeared essentially the same 
as that of HUP. 

The variation in luminescent properties with composition 
shown in Table I is intriguing and reminiscent of solution 
studies involving the uranyl ion. An important difference, of 
course, is the steric constraint imposed by the crystal lattice, 
which can strongly influence emission by, e.g., governing the 
ability of the uranyl moiety to engage in ground-state and/or 
excited-state complex (exciplex) formation. The simplest 
prospective quenchers to treat, in solution studies as well as 
in this study, are closed-shell ions. Ions such as K+, Ca2+, and 
Zn2+ have no low-lying excited states with which to quench 
emission by energy transfer (eq 5), nor are they readily oxi- 

(5) 

(6) 
dizable so as to permit quenching by electron transfer to the 
excited uranyl ion, UO;+' (eq 6 ) .  As expected, little difference 
relative to H U P  emission is observed with these ions. In 
solution studies, only minor quenching of-uranyl emission by 
Na', Ca2+, and Zn2+ was reported and, as with other systems, 
was thought to involve exciplex formation.3s A point we 
should mention in connection with the solid-state data is the 
potential role of impurities. Although we have no evidence 
for their presence, trace impurities from the reagents can 

U022+* + Q - Q* + U 0 2 2 +  

UOZ2+* + Q - Q+ + U 0 2 +  

(33) Porter, G. B. In "Concepts of Inorganic Photochemistry"; Adamson, A. 
W., Fleischauer, P. D., Eds.; Wiley-Interscience: New York, 1975; 
Chapter 2. 

(34) Freeman, J. J.; Crosby, G. A,; Lawson, K. E. J .  Mol. Specrrosc. 1964, 
13, 399. 

(35) Marcantonatos, M. D. J .  Chem. Soc., Furuduy Trans. 1 1979, 75, 2252. 
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conceivably enter the lattice and influence the solid's emissive 
properties. 

The other transition metals employed, Cu2+ and Ag+, proved 
to be efficient quenchers, as they were in solution.35 In 
principle, both could quench by electron transfer (eq 6), since 
the excited uranyl ion should be an extremely strong oxidizing 
agent (Eo for U022+* /U02+  E 2.60 V vs. NHE;35 Eo for 
Ag2+ f Ag+ N 1.98 V vs. NHE;36 Eo for Cu3+/Cu2+ has been 
estimated as 21.8 V vs. NHE36). While this seems like a 
plausible mechanism for Ag+, we feel that energy transfer (eq 
5 )  is more likely for Cu2+, since it does possess low-lying 
excited states (Figure 3). If electron transfer does occur, the 
back-reaction to generate U02,+ is energetically very favorable 
( E O  for U022+/U02+  = 0.06 V vs. NHE35) and would be 
expected to regenerate the original species. We, in fact, saw 
no change in sample appearance over hour-long irradiation 
periods. 

The other derivatives examined, NH4+, pyH+, n-BuNH3+, 
and n-OctNH,+, ranged from highly emissive to nonemissive. 
Both the NH4+ and pyH+ derivatives exhibited little quenching 
relative to HUP, presumably for the reasons invoked for the 
closed-shell ions. On the other hand, a t  room temperature, 
n-BuNH3UP exhibited emission that was weaker by -2 orders 
of magnitude and emission from n-OctNH3UP could not be 
detected. Mechanistically, since neither amine has a low-lying 
excited state, we suspect that quenching proceeds by a pho- 
toredox reaction, perhaps analogous to that reported for al- 
cohols in solution (eq 7).25*37 Such reactions are mechanis- 

UOZ2+ + R C H 2 0 H  - U02+ + RCHOH + H +  (7) 

tically complex. We are presently preparing related amine 

(36) Latimer, W. M. "The Oxidation States of the Elements and Their 
Potentials in Aqueous Solution", 2nd ed.; Prentice-Hall: New York, 
1952; Chapter 11. 

(37) Balzani, V.; Carassiti, V. "Photochemistry of Coordination Compounds"; 
Academic Press: New York, 1970; Chapter 15. 

derivatives of HUP and conducting long- and short-term 
photolysis experiments to elucidate the quenching mechanism. 
It is worth noting that at 77 K both the n-BuNH3+ and n- 
OctNH3+ derivatives emit brightly with long lifetimes (Table 
I). One possible explanation for this low-temperature behavior 
may be the cessation of a photoreaction such as that described 
above, perhaps owing to the introduction of steric constraints. 
Conclusion 

We have shown in this paper that H U P  and several of its 
derivatives prepared by intercalative ion-exchange reactions 
lend themselves to a systematic examination of excited-state 
properties. The luminescence exhibited by many of these 
layered compounds is characteristic of the UO?' moiety and 
serves as a probe of excited-state deactivation processes. 
Layered compounds in general are receiving considerable 
attention with regard to intercalation chemistry, yet relatively 
few studies have examined changes in optical properties ac- 
companying in t e r~a la t ion .~~  The correlations established in 
this paper suggest that, for suitable hosts, changes in chemical 
composition accompanying such reactions can be profitably 
examined by changes in electronic absorption and emission 
properties. Studies in progress in our laboratories will apply 
these spectroscopic probes to a broader range of HUP deriv- 
atives and reactions. 
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The microwave spectrum of methylphosphonothioic difluoride, CH3PSF2, has been investigated from 18.5 to 39.0 GHz. 
Both a- and b-type transitions were observed, and R-branch assignments have been made for the ground vibrational state. 
The rotational constants in the ground vibrational state were found to be A = 4366.24 f 0.03, B = 2596.38 f 0.01, and 
C = 2496.86 f 0.01 MHz. From a diagnostic least-squares adjustment to fit the rotational constants, the following heavy-atom 
bond distances were obtained by assuming reasonable structural parameters for the methyl group and skeletal angles: r(P-C) 
= 1.809 * 0.004 A, r(P-F) = 1.547 * 0.003 A, and r(P=S) = 1.878 f 0.003 A. The infrared (3500-40 cm-I) and Raman 
(3500-10 cm-I) spectra have been recorded for both the gaseous and solid phases of CH3PSF2. Additionally, the Raman 
spectrum of the liquid was recorded and qualitative depolarization values were obtained. All of the normal modes have 
been assigned on the basis of infrared band contours, depolarization values, and group frequencies. A normal-coordinate 
calculation has been carried out by utilizing a modified valence force field to calculate the frequencies and the potential 
energy distribution. All of these results are compared to similar quantities in some corresponding molecules. 

Introduction 
Although we have recently carried out a number of spec- 

troscopic studies of compounds containing the difluoro- 

CH3PF2,5 CH3CH2PF2,6 and (CH3)2CHPF2,7 very few com- 
Funds  with the Phosphorus lone Pair wordhated with a sulfur 

( I )  J .  R. Durig, A. J. Zozulin, J. D. Odom, and B. J .  Streusand, J .  Raman 
Spectrosc., 8, 259 (1979). 

(2) J. R. Durig, K. S. Kalasinsky, and V. F. Kalasinsky, J .  Mol. Strucr., 
34, 9 (1976). 

(3) J. R. Durig, A. E. Stanley, and Y. S .  Li, J .  Mol. Srrucr., 78, 247 (1982). 

phosphine (PF,) moiety, notably HPF2,' CH3PbF2?-3 PF2CN,4 

'For paper 21 in this series, see: J. R. Durig, A. E. Stanley, and Y. S. Li, 
J .  Mol. Srruct., 78, 247 (1982). 
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