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Perturbed angular correlation ofray (PAC) spectroscopy performed on a single crystal of
Ag(imidazole,NO; doped with radioactivé'?Ag(l) reveals that one nuclear quadrupole interactiN@®!)
characterizes the resulting PAC spectra. This implies a unique coordination geometrylfopa€idr the decay
of 1YAg(l). The full NQI tensor was determined in the experiment. The diagonal elements in the principal-axis
system can be derived from the two parameters fitted to the specirg|w,]=425.5-0.1 Mrad/s andy
=|wyx— wyy|/| 0yt wy,| =0.240+ 0.001. Quantum-mechanicab initio calculations of the NQI tensor using
the known geometry of Agmidazole,NO; substituting Agl) with Cd(ll) at the position of Ad) do not agree
with the experimentally derived NQI tensor. The coordination number is two fk) AgAg(imidazole ,NOs,
which is an unusual coordination number for(Cd The Cdll) ion was therefore moved towards the NO
anion in theab initio calculations, in an attempt to include the two oxygen atoms of the nitrate ion in the
coordination sphere. This resulted in a four coordinated structure with reasondtlgli@dnd bond lengths.

The ab initio calculations based upon this geometry agrees well with the experimentally determined NQI
tensor.[S0163-1829)11021-X]

INTRODUCTION Applying perturbed angular correlation gfray (PAC)
In the present work the nuclear quadrupole interactiorsPectroscopy to a single crystal allows for the determination

(NQI) in a single crystal of AGAg)(imidazole,NO; was  ©f the full nuclear quadrupole interactidiNQI) tensor in
derived from perturbed angular correlatiéAC) spectros- contrast to experiments on randomly oriented mplecules,
copy.Ab initio calculations showed that most likely a changeWhere only the eigenvalues of the tensor are obtained. Pre-
of coordination geometry occurred faster than 5 ns after th&ious work on the determination of the NQI tensor has been
decay of MAg(l) to ™Cd(l). The choice of performed with various experimental techniques including
Ag(**Ag)(imidazole,NOs for the present investigations was PAC, NMR, and electron-nuclear double resonareé-
made to monitor possible changes in the metal coordinatioPOR) spectroscopy.” In the work by Menningen, Haas,
geometry after A) decays to Cl) by the 8~ decay and Rinneberg od'™Cd, ®**Ge, or’As impurities in ortho-
Hiag()—Cd(Il)+B~ as shown in Fig. 1. In rhombic Ga the total NQI tensor was determined with PAC
Ag(imidazole,NO; the Ag(l) ion is linearly coordinated to ~spectroscopy in the presence of a magnetic fiél@he full

two imidazoles, which is an unusual geometry for(lCd  tensor for the nucletin and **™Cd on a P{L11) surface
Consequently, structural changes are expected whéh &g has been determined using PAC spectrostamd for the
almost instantaneously changed into(ICdby a nuclear de- nucleus N in 2-aminoethyl hydrogen sulfate by single-
cay. Similar investigation performed on the copper proteincrystal ENDOR spectroscopgyUsing NMR Thomas Voseg-
azurin showed that the coordination geometry forlAge-  aardet al. determined both the chemical-shielding anisotropy
laxes to the geometry of @id) on a time scale of about 100 and the NQI tensor fof'Rb in single crystals of RbCland

ns at 25°C Rb,S0O, and for"'Ga in a single crystal of YGa;0;,.>°
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FIG. 1. Energy levels for the decay &f!Ag to 11!Cd. The two x(n'|m})e”2m/NEn~En) (4

v rays detected in coincidence are the 96 keV transitigy) @nd

the 245 keV transition,). Note that only 5% of thé'!Ag nuclei ~ wheren andn’ denotes eigenstate and eigenfunctions of the
decays to the excited state 1h'Cd with angular momentum of. NQI Hamiltonian with the following matrix elements in the
Of these only 4% decay through the double decay used for PAQrincipal system: Hy, n—H o = mhwg(m?—m’2) and

spectroscopy. Hinms 2= /6hwo[ (35 m) (3 7 m) (3 =m) (3 +m) ]2y and

SINGLE-CRYSTAL PAC THEORY K
2

% *
Dy (@B 7D | (a.B,
Single-crystal PAC spectroscopy provides the full NQI Nl’Nl(a Ay Nz'Nz(a Sl
tensore, which is related to the electric-field gradient tensor

V, the quantity obtained frorab initio calculations by are the product of matrix elements describing the rotation by

the Euler angleg, B, andy from the crystal system, defined
in materials and methods, to the principal system.

37eQ
(é)_ 10,1 : \=/| (1)
MATERIALS AND METHODS
whereQ is the magnitude of the nuclear quadrupole moment, Preparation of single and powder crystals of
e is the charge of a proton, ardis Planck’s constant. Be- Ag(imidazole),NO,

cause the trace ab is zero only two, independent param- 1110q(1) was prepared as described in Bageal! Smal

eters are needed to characterize the diagonal elements. Thex/ tals of Adimidazole.NO btained f
are chosen as=|w,] and 7= (wx— wy,)/w,,, assuming crystals of Agimidazolg,NO; were obtained from aqueous

; lution by mixing 1.2 g0.007 mo) AgNO5 in 10 ml water
that the eigenvalues have been orderpd,,|=|w,,| SO = . 3 X
=|w,,|. Furthermore, the orientation of the principal-axis with 2.0 g(0.03 mo) imidazole in 10 ml of water. A white

system(where the tensor is diagonaan be determined. The precipitate of si!vgr oxide/silver hydrqxide immediatgly ap-
perturbed angular correlation functid¥(i,t) can be written peared upon mixing of the two solutions. The solution was

a acidified wih 6 M HNO; until a clear solution was obtained
(aroundpH 7). Crystals of Agimidazole,NO; normally pre-
cipitated in the d?ﬂ(l within one hour. Aignidazole,NO;

C o -1/2 crystals doped with~-Ag(l) were prepared by adding radio-
Wa.b k§<2 A(DAG2L 2k + D)2kt 1)] active 1*Ag(1) in 20—40ul water to the acidified solution of
AgNO; and imidazole before crystals of Agidazole,NO;
X > G:jlsz(t)YEl*(0i1:<Pi1)YEZ( Bir,0i0), began to precipitate. The stock solution for growing large
Np,Np 7172 1 2 crystals for single-crystal experiments was made by the ad-
) dition of 5.992 g imidazol¢0.088 mo) to 150 ml of water
and adjustingoH to just below 7 wih 6 M HNO;. To this
where the index denotes thaty, is emitted in the direction Solution was added 100 ml water containing 7.474 g AGNO
having polar coordinates;;, ¢;; and y, is emitted in the ~(0.044 mo}. Finally pH was raised to 6.20 with 23 drops of
direction 5, @io. Awi(1) andA.(2) are coefficients deter- 3 M NaOH giving a little white precipitate of silver oxide/

mined by properties of the nuclear states. From SiegBahnSilver hydroxide which dissolved within a few minutes.
Seeding crystals were obtained from a setup of 48 batches

e get of 3 ml stock solution in two tissue culture platésinbro
_ _ Research, USA They were evaporated at room temperature
A1)~ 0.3742 k=2 A(2)~ —0.5345 k=2 in an exsiccator containing NaOH pellets for 48 h. Most of

0 k=4, —0.6172 k=4 these batches resulted in a white precipitate and only one or
(3)  two contained isolated crystals of good quality-5 mg
each which could be used for seeding experiments.
neglecting mixed multipolarity. By definitionAq(1) Large crystals for x-ray powder diffraction were grown to
=Ao(2)=1. Y{(6,¢) are the spherical harmonics. a size larger than 8 mhby seeding of 1-5 mg single crys-

Gﬁ‘l{,;'“zz(t) represents the perturbation from a NQI and can beals in 3 ml stock solution in tissue culture plates with evapo-

written as ration at room temperature for 3—5 days.



14184 BJARNE HANSENet al. PRB 59

For single-crystal PAC experiments a seeding crystal TABLE I. Polar coordinates for the six detectors as seen in the
mg) was placed in Elisa platésinbro Research, USpadd- ~ crystal system.
ing 200 ul 0.32 M Ag(imidazole, pH 6.20 (prepared in the

same way as the stock solutjdiollowed by 904l of doubly ~ Detector 4 4
deionized water containing approximately 5 MBq carrier freeq 107.1 119.7
1IAg(l). This solution was then evaporated for 15 h at roomy 72.9 60.3
temperature in an exsiccator containing NaOH pellets. The 227 75.9
resulting crystal had turned slightly brown and weighted ap+- 157.3 255.9
proximately 25 mg. 5 104.9 25.0

6 75.1 205.0

Characterization of single and powder crystals PAC measurements were also performed on samples
of Ag(imidazole),NO3 (100—200 my of powder Adimidazole,NO; doped with

The actual single crystal used for PAC measurements was Ag(1) and kept in plastic tubes.
indexed at 122 K in a MoK beam using a CAD4 diffracto-
meter aiming the beam through the center of the crystal. The
investigated crystal is orthorhombic within the space group Data analysis
P2,2,2, with cell parametera=4.97A, b=10.92A, ¢

—17.98A, a=90.38, B=90.9, and y=90.2 (unrefined. From the six detectors 30 coincidence spectra can be

formed, here denoted/(D; ,D; ,t) whereD; andD; denotes
BYetectori andj, counting coincidence events betwegnand

alignment of the crystal axes in the PAC experiment. ; ; ;
. . . , respectively. Adding the equivalent spectra and normal-
X-ray powder diffraction data was obtained from samplesﬁng topthe nur):\ber of 2pectraqadded, wg get nine different

of small crystals and from a powdered large single crysta o ; o ,
(larger than 22X 3 mm) of Ag(imidazole,NO; placed in pectra, three at 180 ar:d six at 90% betwegnand D
. . ; Examples of a 180° spectrum is[W(D;,D5,t)
0.3 mm capillary tubes using a STOE STADIP |nstrument+W(D D,,t)]/2 and of a 90° spectrum EA(D;,D,t)
(STOE and CIE GmbH STOE’svisuaL x PV (1995 pro- +W(Di:Di:t)+W(D2,D3,t)+W(D2,D4,t)]/4. Nlo’test’hat

gram packagéSTOE and CIE GmbiHwas used for the data because of thé,, term [see Eq(3)] W(D,,Ds.t) is differ-

treatment. The cell parameters for the.smgle and pov_vde(;:\nt from W(Ds,D;,t). We denote these nine spectra
crystals) were found to be the same within the uncertalntles,<W(i t)), i=1--9 where 6=180° for i=1---3 and ¢
a=4.996(2), b=10.930(2),c=18.051(2) in A, =90, 8 o]

—90 v=90 in dearees in aareement with the ublishedzgoo for i=4---9. These spectra were corrected for the
o 69 g P background due to random coinciden¢&) and weighted
crystal structuré’

according to the left-hand side of E&), and then fitted with
the function on the right-hand side of E®):

PAC spectroscopy on a single crystal and on powder crystals .
of Ag(imidazole),NO; (Wi.0)—(B)
(eie Un(1+td(e;)/dt)

Before mounting and alignment of the single crystal
doped with'!Ag(l) used in the PAC experiment larger bulbs
were removed from the crystal with a pincer and a needle. _—
The crystal was further washed with 1@ deionized water k=01.2.3
followed by 500ul butanol and the crystal was finally dried
with 200 ul ether. The cleaned crystal contained approxi-
mately 35% of the total activity added. The crystal was glued ) . ) o
to the end of a glass capillary with cyanoacrylate and fixed tovhere the amplitude ;) is a function of the efficiencies
a truncated cone. The PAC setup consists of six detectors @nd solid angles of the involved detectors. The term 1
an octahedral geometry, defining a cube with one detector at td{ €;)/dt accounts for a variation in time of the detector
the center of each side square and with the sample in thefficiencies, 7, is the half-life of thel=3 state, b ()
center of the cube. The glass capillary on the cone was exp(—w7g/16In2) accounts for the finite time resolution
aligned relative to the detectors. The orientation of the unitrg of the instrument, ana, are the three angular frequen-
cell was obtained from x-ray-diffraction data on the singlecies corresponding to the energy differencesr(B,
crystal used for the PAC measurement. Thereby, the orien= E,/)/h where E, are the sublevels of the intermediate
tation of the crystal system, relative to the detectors, wasuclear level in they; — y, cascade. Small variations in the
determined. From this the pol#& and azimuthal angleg; metal-ligand configuration in the different
of the six detectors in the crystal system were calculéged [ Cd(imidazole,NO;]* units are accounted for by a
Table ). The uncertainty of the alignment of the glass cap-Gaussian frequency distribution expressed by the term
illary relative to the detectors results in an uncertaintygjn exp(—2w§52t2) term whereéd represents the relative width of
and ¢; . The Euler angles and, and » values presented in the distribution. The coefficient (i) are[see Eqs(2), (4),
Table Il are weighted averages given these uncertainties. and (5)]

bi(7o)a(i)e V2w’ (5)
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TABLE II. The derived experimental parameters from PAC experiments witfindigazole,NO; crystals and the results froab initio
calculations x? are reduced chi-square values from the fitting to the PAC time spectra. The energies given are relative to gegnitatry
similar condition for the surrounding point charge§eometryA’ represents a slight optimization of the original geomérgs explained
in materials and method. Calculations indexed vgtinclude the CHELPG point charges. The uncertaintyyi@mndw,, and Euler angles are
estimated as described in the materials and methods section. For all geometfieslae is given in the last column and formed as the
squared sum of differences between theoretical and experimental valug9f, a, 8, andy weighted by the respective uncertainty.

Experimental data:

) 7 w,(Mrad/s) sz
Powder 0.0020.002 0.236:0.002 424.6:0.2 0.99
single crystal 0.0060.001 0.246:-0.001 425.50.1 1.15
Q2 Q24 o Bo Yo
Single crystal 0.3¢0.01 0.15-0.01 176° 128+ 1° 89+ 14°

Calculated data:

Energy [
Geometry (kJ/mol) 7 Mrad/s a B Y G
A 0 0.21+0.07 674t 80 4+1 1331 8654 21
A’ -16 0.210.07 672:79 4+1 1331 8654 21
B —20.5 0.38:-0.09 489+ 57 14+2 1301 94+5 4
C -27.4 0.6a-0.07 424+ 53 13+2 129+1 94+2 28
D -335 0.95-0.04 319-44 37 60+ 37 32174 321
Aq 0 0.18+0.06 70981 4+1 133+1 61+69 31
Ag -2.1 0.18+0.06 70481 4+1 133+1 61+69 31
Bo -10.6 0.23:0.10 53861 13+2 1301 91+16 6
Co -15.0 0.410.09 480:57 13+2 130+1 94+4 7
Dq -17.0 0.78:0.05 373:49 14+2 131+1 1012 123
Euler angles for the vectar(N11)—u(N21):
A 4 133
B 9 131
C 9 130
D 8 132

1
Q22A2, 5 N%z G ™M (W) Y3 (611, 011) Y2 2( 012, ¢i0)
ay(i)= : (6)

1
+ QZAAZAEle,NZ Gy ™ (@) YO (i1, 0i1) Y22 (012, ¢i)

Q,, and Q,, represent detector solid angle corrections. Theder material after background subtraction and zero-point ad-

index 0 onG denotes the time independent part. The two setgustment, and\W(90°.t)) denotes the 24th root of the prod-

{61;,¢1;} and{6,;,¢,;} are the polar angles in the crystal uct of the 24 experimental 90° spectra.

coordinate system foy, and y,, respectively. Using the fitted NQIlwo, 7, and d parameters from pow-
In the case of powder material the experimental spectrurfer Agimidazole,NO3, each of the nine single-crystal spec-

is constructedsee Eqs(2) and (4)] according to the right- tra were least-square fitted, to find values {er;), (B;),

hand side of Eq(7) and then fitted with the function on the d{€;)/dt, a(i), Qz2, andQy, using the fit function given

left-hand side of Eq(7): in Eq. (5). 7, was estimated to be 1.5 ns based upofiSe
time calibration. Prompt coincidence@.e., coincidences
1 NN (W(180° 1)) —(W(90°t)) where the twoy rays are detected simultaneoyshetween
g% A2RQ2G35; (t):2<W(180° )+ 2(W(90° 1)) Compton scattered rays from the dominant96%) transi-

@ tion between the spidand3 nuclear stategFig. 1) restricted
the useful time range to be above 5.6 ns. The half-life of 84
(W(180° t)) denotes the sixth root of the product of the six ns for the intermediate level sets a practical upper limit, here
experimental 180° spectfghese are all equivalent for pow- taken as 230.4 ns. The fitted valuesagfi) can then be used
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to determine the Euler angle describing the rotation from thehe distances and angles in both rings are the same. The
crystal system to the principal-axis system with the help ofvalues were: C11-C321.375A, C21-C221.3754,

Egs. (4) and (6). However, for Adimidazole,NO; in the =~ C12-N12=1.405A, C22-N221.405A, N12-C13
space groug?2,2,2,, there are four molecules in one unit =1.330A and N22-C231.330A. With different fixed

cell, thus requiring four sets of Euler angles. These frg: Cd(l) positions closer to the NO group than in the
=(@0.B0.70), Qx=(—ag,Bo+my0), Qy=(7m—ay,Bo Ag(imidazole,NO; geomgtry, the two imidaqug r'ings were
+,70), andQ,= (7+ ag,Bo,70). Identical contributions rotated and translated simultaneously to minimize the rms

are obtained whef), or 0, and wher), or Q, are inserted Value of the distances from the original geometry for the six
for the Euler angles in Eq4). Thus the addi)icion of a con- carbon and four nitrogen atoms in the imidazole rings. Dis-

tribution from Q, and Q. in Eq. (4) is sufficient. tanceg from Cdl) to N11 or N21 of approximately 2.26 A
o ] _ o and distances for N12-O2and N22-O3 of approximately
Ab initio calculation on dlﬁerer\t [ Cd(imidazole),NO5]* 288 A together with approximately 180° for the angles
geometries N12-H1-02, N22-H2-03 were attempted for optimum hy-

The quantum chemical calculations of energies andlrogen bonding. Apart from the original geomethy[the
electric-field gradient$EFG’s) were performed using second geometry with Cdl) at the Adl)-position| three other ge-
order Moller-Plesset perturbation theofMP2), freezing ometries were chosem, C, andD (with Cd(ll) moved re-
core orbitals on the H, C, N, and O atoms andspectively 0.456, 0.598, 0.789)ATable IV shows some se-
1s2s2p3s3p3d on cadmium and silver. The calculation of a lected angles and distances. Notice the values of(defined
grid of point charges representing the surrounding moleculel§ the table caption respectively 0.335, 0.341, 0.384 A. The
in the crystal were performed on the égidazole,NO;  bond angles for the imidazole rings are nearly optimal for all
complex at the level of MP2. The charges assigned to thgeometries: the angle between the vector connecting N11 or
atoms were calculated using charges fitted to the electrostati21 with Cdll) and the corresponding bisecting line for
potential CHELPG proceduré-! Preliminary charges for all €ach nitrogens are less than 9°. In the extreme georigtry
atoms in the basic Agmidazole,NOj; unit in the gas phase the ligand to Cdl) distances approaches those observed for
were calculated. Next, all atoms in the surrounding unitsother compounds! Figure 3 shows geometrigs and B.
with a distance to Ag less than 21 A were taken into account. Itis clear from the dihedral angles HD2-N3-O1 of 7.0°
These atoms were ascribed fixed point charges equal to tfand HZ-O3-N3-O1 of 9.5° that H1and HZ are nearly in
gas phase charges. In the next iterative step we used tiilee plane of the N@ group, and furthermore O3-N3-H2
corrected charges in the basic unit as the fixed point charges108.8°, 02-N3-H1=106.0°. The H1 and HZ are on the
at the surrounding atoms, etc. The charges converged withigame side of this plane, while the Cd atom is located on the
0.0%e after four steps. The basis sets used were 63{(@)  other side with dihedral angles: Cd-O2-N3-O1 from 22.9—
for al H, C, N, and O atom&¥' the 26.5° Cd-O3-N3-O1 from 23.5-28.6°. This stabilizes the
[19s15p9d4f/11s9p5d2 f] polarized basis set for cadmium position and orientation of the NO group. Moving the
of Kello and Sadléf and the uncontractdd 7s12p8d] basis ~ Cd(Il) ion will disturb this balance, but substantial change in
set for silver of Gropen? A value of 0.83b was used for the the position and orientation of the plane probably involves
nuclear quadrupole momefftBased on previous wotk??  the breaking of at least one of the hydrogen bonds t6 11
we use an uncertainty of 20% on the eigenvalues of the EF®2'. It is thus very difficult to estimate the limits for moving
tensor. The calculations were performed on a Silicon Graphthe cadmium and this point has not been further investigated.
ics Origin 200 with a 180 Mhz MIPS R10000 processor,In all geometries the positions of the atoms in the ;NO
using the program packagaussiaN94Z? group were fixed to the position used for geometryThe

Coordinates for the atoms in the Amidazole,NO;  distance between the cadmium atom in geométgnd at-
structure, except the hydrogen atoms, are from Antti andms in other N@ groups or in other imidazole rings is at
Lundberd® (see Table Ill, and Fig. )2 The H atom con- least 5 A, and we have ignored any changes in partial
nected to atom C11, denoted H11, is positioned on theharges or positions in other units.
bisecting-line of C11(the line bisecting the angle N11-C11-

012); the positions of the other H atoms are determined in

the same way. The distanced(H,N)=1.05, d(H,C) RESULTS
=1.09A have been used. Hydrogen bonds exist to atoms c ,
outside this basic Agmidazole,NO; unit: N12-HZ--02', PAC experiments

N22-H2--03', N22'-H2'---O3 and N12-H1"---02, where Figure 4 shows the anisotropy as a function of time and
the primed atoms belong to other dgidazole,NO; units.  the Fourier transforms of the nine PAC spectra from the
The possibility for changes in the coordination geometrysingle-crystal experiment. Despite the recoil energy of the
following the decay of the Ag nucleus was investigated per1*Cd(ll) nucleus after the decayt'Ag(l)—*Cd(ll)1?
forming ab initio calculations on different plausible geom- + B~ , estimated to be less than 79 kcal/male can con-
etries. In these Q#l) was moved towards the NO group.  clude that all**!Cd(ll) ions are in the same geometry in the
Significant differences in bond lengths and angles existime interval where our PAC spectra are analyzed, that is
between the two imidazole rings using the coordinates in th&—-200 ns after the decdfig. 4 and Table ). This geometry
Ag(imidazole,NO;s structure; for example C11-C12, C21- is very rigid as evidenced by the low value fér(Table II).
C22 are 1.335, 1.385 A and C12-N12, C22-N22 are 1.387, Table Il shows the selected parameters derived from the
1.422 A and N12-C13, N22-C23 are 1.364, 1.307 A, respecpowder spectrum as well as the parameters from the experi-
tively. We have therefore modified this structure such thaments on the single crystéh both cases the detector-crystal
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TABLE lIl. Coordinates(in A) for the atoms in the unit cell of Agmidazole,NO; in geometryA andB (see text and the calculated
CHELPG chargesin elementary chargdor coordination geometnA with Ag(l) (these values are the point charges at surrounding atoms

used in the calculationdq, Bg, Cq, andDg).

X y z Q X y z
GeometryA Geometry B
Ag(l) 0.752 1.922 0.259 0.447 Qo) 0.500 2.300 0.300
N1l 2.383 1.944 -1.092 -0.218 N1l 2.379 2.269 -0.941
C11 3.509 1.166 —1.056 —0.105 Cl1 3.273 1.251 -1.079
Ci12 4.373 1.583 —1.985 —-0.081 C12 4.236 1572 —2.007
N12 3.784 2.658 —2.635 —0.224 N12 3.880 2.860 —2.438
C13 2.569 2.843 —2.044 0.015 C13 2.782 3.212 1775
N21 -0.711 1.750 1.800 -0.241 N21 —0.890 1.742 1.887
Cc21 —0.933 0.774 2.720 —0.156 Cc21 -1.121 0.605 2.598
C22 —1.946 1.177 3.576 —-0.107 C22 —2.096 0.837 3.540
N22 —2.295 2.474 3.109 -0.233 N22 —2.457 2.183 3.372
Cc23 —1.549 2.740 2.069 0.128 Cc23 -1.714 2.669 2.383
H11l 3.675 0.332 -0.372 0.132 H11l 3.232 0.311  —-0.529
H12 5.355 1.158 —2.193 0.164 H12 5.081 0.966  —2.333
H1 4.182 3.224 —3.424 0.395 H1 4.360 3.467 —3.148
H13 1.854 3.619 —2.316 0.177 H13 2.273 4167 —1.904
H21 —0.399 -0.174 2.775 0.162 H21 —0.610 —0.344 2.444
H22 —2.375 0.627 4.413 0.166 H22 —2.502 0.128 4.262
H2 —3.009 3.146 3.482 0.396 H2 -3.172 2.738 3.904
H23 —1.609 3.663 1.493 0.150 H23 —1.769 3.696 2.021
N3 0.580 5.313 —-0.061 1.074 N3 0.580 5.313 -0.061
o1 0.909 6.417 —0.504 —0.668 o1 0.909 6.417 —0.504
02 —0.406 4.723 —0.465 —0.679 02 —0.406 4.723 —0.465
03 1.243 4.785 0.842 —0.694 03 1.243 4.785 0.842
Position of atoms in other unit cells involved in hydrogen bonding:
o2 5.057 4.384 —4.534
o3 —4.220 4.322 4.157
N22' 3.169 6.634 1.890
H2' 2.476 6.032 1.493
N12' -1.679 6.450 —2.364
H1' -1.291 5.918 -1.611

distance is 16.4 minIn all fits a least-squarg? search has presence of four hydrogen bonds to atoms in other units,
been applied. The uncertainties given for the Euler angles/hich is represented by partial charges on the atoms in the
includes uncertainties from the limited precision in mountingsurrounding Agimidazole,NOjs units.

the crystal holder. The fitted NQI parameterg, @,;,d)

were almost identical in the two experiments.

Ab initio calculations

Ab initio qguantum-mechanical calculations, with partia

Table Il shows the calculated energy, w,,, and the

Euler angles for the principal-axis system for the different
geometries. The standard deviations on all parameters are
crude estimates. Notice that, for a certain geometry, the cal-

| culated Euler angles are nearly independent of whether point

charges at the surrounding atoms included and excluded, r§harges are included or not, andy, have been inter-

spectively, were performed on five geometridsithe origi-
nal, the geometry with Qdl) at the Adl) position, A’ the
structure modified to give the same bond distances within th8"oup.
two imidazole rings, and geometriBs C, andD, with Cd(ll)
moved 0.456, 0.598, and 0.789 A, towards thesN@roup.

changed in the calculated result for geomdyindicating a
strong interaction between the cadmium atom and thg NO

The differences in the calculated energies between geom-
etry A, B, C andD, although small, indicate an attraction

The positions of the two imidazole units were slightly ad- between Cdl) and the N@™ group, favoring a movement of
justed inB, C, andD to facilitate favorable bonding angles to Cd(ll) towards the N@ group. Note that a full geometry

Cd(ll). The influence on theCd(imidazole,NOz] " complex
from the neighbor Agmidazole,NO; units is threefold{1)
A direct contribution to the EFG at the cadmium positi®),
polarization of the electronic charge density, a8l the

optimization was not performed. In all calculations, except
for geometryD, the calculated-principal axis almost coin-
cides with the vector between the two coordinating nitrogen
atoms[ z,~u(N11)-u(N21)], confer with Table II, and for
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FIG. 2. Oak Ridge Thermal Ellipsoid Plot Progral@RTEP
drawing of one formula unit of Agmidazole,NO; with the atom
numbering used throughout the text. The atoms, except for hydro-
gen atoms, are represented as 50% probability ellipsoids. Coordj
nates and anisotropic vibrational parameters, except for hydrog
atoms, are taken from Ref. 10. Coordinates for hydrogen atoms are

FIG. 3. Stereo view of the proposed geometry of

‘Cd(imidazole,NO;]* (geometryB). The two NG~ groups, which

are hydrogen bonded to the imidazole rings, are from asymmetric

nits related by symmetry. Metal-ligand interactions and hydrogen

onds in the Cdl) model are indicated with thin lines and the
original structure of Agmidazole,NO; (geometryA) is indicated
gray shading the atoms. The y, andz axes represent the experi-

thex principal axisxpcu(02)+u(03) [u(l) is the unit vec- mentally determined principal axis.

tor from cadmium to atont]. Figure 3 shows geometr _ _

with calculated principal axigfor calculationBo). X-ray diffractions

From Table Il it can be seen that the effect of charge Both the powder material and the single crystal have iden-

inclusion is a lowering ofy and an increase oby. The tical cell parameters within the uncertainties. These results

calculated value for and the Euler angles in geometlyis  are furthermore in reasonable accordance with the published

close to the experimental value, except for a minor discreperystal structure?

ancy in thea angle. However, the calculated value fog is

far too high. For geometr3 andC the calculated values for DISCUSSION

n and wg and the three Euler angles are close to the experi-

mental values. The calculated values for geométrgo not

agree in the value for, and the values for the Euler angles.

estimated(see text, and represented as spheres with a radius oﬂ
0.15 A.

Linear imidazole coordination for Gd) with a very short
bond length for the Qdl)-N(imidazole bond of 2.1 A is
unusual and will likely result in a nonequilibrium state for
Cd(Il) after the decay from**Ag(l) to *ICd(Il). Cd(ll) is
more likely to prefer a higher coordination number such as 4

TABLE IV. Selected distances in A and angles in degrees forgnd the CdI)-N(imidazole and the CdI)-O(NO;~) bond-
the different geometries together with root-mean-square deviatioqhg distance is expected to be approximately 2.25-2.35 A
(rms) in A in positions of the C and N atoms in the two imidazole and 2.34-2.60 A, respective?;r?. The Agl)-N(imidazole
rings relative to geometnj. and the Agl)-O(NO;") bonding distances are found to be
21 A and 3.0 (and 3.2 A, respectively, in the

Geometry A B c D Ag(imidazole,NO; structure(see Table IV. This is likely to
ms 0.000 0.335 0.341 0.384 produce an energetic constraint which could be released by
repositioning Cdl) to a four coordinated geometry if the
Ca(ll)-N11 2118 2252 2239 2277  epergy gained by this is large compared to the energy cost
Cd(ll)-N21 2.132 2.182 2.210 2.250  arising from the local change in crystal packing it induces.
Cd(11)-02 3.116 2.698 2.543 2.353 We have therefore proposed a change from the linear imi-
Cd(l1)-03 2.963 2.650 2.485 2.313  dazole coordination with Ad) to a four coordinated Gtl)
N11-CdIl)-N21 1721 158.2 153.8 149.9  geometry with two nitrogen from imidazole and two oxygen
N11-Cdll)-02 97.4 97.8 102.0 104.5  from the NG~ group as ligands. This proposal can explain
N11-CdIl)-03 89.3 83.8 86.9 93.3 the fact that the experimental value of the asymmetry param-
N21-Cdll)-02 89.2 102.8 104.0 104.7  eter i is higher than expected in an almost linear geometry.
N21-Cdll1)-03 92.8 105.6 107.2 109.8  The central feature in the geometries tested in this weele
02-Cdll)-03 40.4 46.4 49.5 53.6 Table Ill) involves a movement of the @Qd) towards the
Cd(I1)-03-N3 100.4 95.8 94.3 91.6 nitrate ion, which is fixed, followed by relaxation of the two
Cd(11)-02-N3 93.3 94.0 92.0 90.2 imidazole rings. From Table 1V, it is seen that the(ICg

ligand distances are within the expected range in the geom-
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FIG. 4. Anisotropy as a function of time and the Fourier transfofanbitrary unit ony axes of the nine different single-crystal spectra,
constructed as described by Ef). The panels with three curves are 180° spectra and those with six, the 90° spectra. The orientation of the
principal system is determined by the 27 cosine amplitui¢s) .

etriesB, C, andD. It is clear that the calculated value @,  Ag(imidazole,NO; complex. This new conformation is fully
anda in geometryA andAq disagrees significantly with the established within 10—20 ns. However, it cannot be excluded
experimental values obtained from the PAC experimenthat further structural rearrangements ocgisr after, as the
(Table 1). Calculations performed with AD in geometryA  time scale of the PAC spectrum is from 10—250 ns after the
instead of Cdl) gives almost identical NQI parameters with decay. A relaxation of a A@) geometry in to a Cdl) ge-

the exception of amw, value of 524 Mrad/s. However, the ometry has also been observed in the copper protein, azurin,
difference in electronic structure between(Agand Cdll)is  ithin a time scale of about 100 AsThe present study is the
expected to relax within a few pRef. 26 such that the first time that the full NQI tensor has been determined for a
relevantwo value reflected in the PAC time SpeCtra will be Cd(”) Complex experimenta”y as well as hy) initio calcu-
that calculated for Gdil). The geometrie€, D, andDq are  |ations. Perspectives includes PAC experiments on single
also excluded because of the high values calculatedyfor crystals of metal containing proteins, providing the full NQI
The best agreement between the results fromahenitio  tensor, thereby increasing the information content. In addi-
calculations including charges, and the results from thejon, we have seen that thab initio calculations provide a
single-crystal PAC experiment, is obtained by either geomiQ| tensor, which is in surprisingly good quantitative agree-
etry Bq or Cq (Table ). The decrease in energy observedment with the experimentally determined NQI tensor. To ex-
for the tested geometries, relative to the energy ofliFdh  pjoit the results from a single-crystal PAC experiment fully,
the Ag(l) geometry(Aq or Agy), is largest fromAg to B and  knowledge of an accurate coordination geometry both of the
insignificant fromCq to D. Combining the values for the Cd(ll) and of the Agl) complex, is needed. It is not possible
x? with the value for the energy the most probable geometryto obtain this information from x-ray diffraction on a system
would beCq. For this geometry, most of the strain on the with a relatively small ligand (small molecule like
Cd(ll) complex is released relative to the geometry denoted\g(imidazolg,NO;). The Cdimidazole,NO;" complex is
A(’g. However, it should be noted that no energy optimizationonly present in trace amounts and the structure is therefore
of the changed geometries have been performed, because theat likely to be independent of the Aignidazole,NO; struc-
effect of crystal packing is unknown. We conclude that mosture. In a system with a large ligand, like a metal containing
likely a stable(or metastable[ Cd(imidazole,NO5]" com-  protein, the coordination of a metal ion in one molecule in a
plex is formed after the decay of Ag to Cdll) with a  crystal is most likely independent of the metal coordination
ligand geometry, which is different from the in the other molecules in the crystal. The structural knowl-
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